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PLANAR WAVEGUIDE LASERS AND SPECTROSCOPIC STUDY OF
UPCONVERSION SOLID-STATE MATERIALS.
by Jakub W. Szela
The increasing demand for high power laser sources with excellent beam quality oper-
ating in the visible and near-infrared electromagnetic radiation spectrum has prompted
signiﬁcant research eﬀort into developing robust, reliable and eﬃcient diode-pumped
solid-state lasers (DPSSLs).
The scope of this thesis is to study the planar waveguide laser (PWL) architecture, with
semiconductor diode lasers (SDLs) pumping, along with the spectroscopic investigation
of promising materials with embedded trivalent rare earth (RE) ions that may enable
upconversion (UC) lasers of the future. The PWL architecture has distinct advantages
over their bulk counterparts in terms of exceptional thermal management, compatibil-
ity with SDLs, typically high ﬁgures of merit regarding the intensity-interaction length
product, leading to the possibility of enabling weak optical transitions.
Several experiments are detailed in this thesis in order to point out unique properties of
PWLs. The ﬁrst, a demonstration of a Tm:Y2O3 PWL with a maximum output power of
35mW at 1.95 µm and slope eﬃciency of 9%, with respect to the incident pump power.
A 12µm thick active ﬁlm was grown by the pulsed laser deposition (PLD) technique on
top of undoped Y3Al5O12 (YAG) crystal. That was the ﬁrst demonstration at its kind,
i.e. in terms of a sesquioxides PWL, one operating with Tm3+ as the optically active
ion and in the 2 micron wavelength regime. Despite waveguide propagation losses on the
order of 2 dB cm=1, the eﬃciency was respectable, demonstrating the potential of these
PLD ﬁlms.
The second PWL experiment was conducted with a state of the art double-clad Nd:YAG
structure fabricated by Adhesive-Free Bonding technique, operating on a weak optical
transition of this material, this is, at a wavelength of 1.83 µm, with an output laser power
in excess of 1W in a near-diﬀraction-limited optical beam.
The main goal of this thesis, however, is to investigate the suitability of several diﬀerent
solid-state gain materials for generation of laser radiation in UV and purple-blue optical
spectrum by means of the upconversion process via a sequential step pumping scheme.
iv
Nd- and Tm-doped crystals have been investigated for their spectroscopic properties as-
sociated with the pump absorption bands, emission strengths, and lifetimes of the main
intermediate energy level of Tm3+, which would be likely a reservoir for the ﬁrst exci-
tation step. These comprehensive spectroscopic studies have been carried out in order
to develop rate equations and gain analysis for prospective UC lasers from diﬀerent host
media. The prior literature results of upconversion lasers have been gathered for com-
parison with herein data and some general guidelines have been pointed out towards the
future work.
High resolution, absolute excited-state absorption (ESA) spectra, at room temperature,
for the long-lived thulium and neodymium metastable levels (the 3F4 and 4F3/2 man-
ifolds, respectively) were measured using a bespoke purpose built spectrophotometer
based upon diodes and a dual lock-in ampliﬁer technique. The aim of that investigation
was to determine the strength of ESA channels at wavelengths addressable by commer-
cially available SDLs operating around 630-680 nm and 440-470 nm wavelength. From
those measurements, for Tm3+, the eﬀective stimulated emission cross-sections were de-
rived and used in the modelling of the potential gain for the UC transitions (wavelength
below 500 nm) in a variety of hosts, including Y3Al5O12, YAlO3, LiYF4 and KY(WO4)2.
Waveguides ordered for this project were not delivered. Notwithstanding, preparation of
SDL pump sources for the double-excitation method, and the necessary optical compo-
nents, was undertaken.
With the gain studies, and initial hardware preparations, the ground has been laid that
will enable the demonstration of new class of UV or purple-blue UC laser architecture
in the near future.
Dedicated with love to my wonderful wife, Aleksandra, and our little
boy, Tomasz.
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Chapter 1
Introduction
1.1 Topic overview
The goal of this research was to characterize luminescence materials doped with triva-
lent rare earth (RE) (RE3+) ions capable of laser action at short wavelengths, i.e. be-
low 500 nm, excited with infrared (IR) semiconductor diode lasers (SDLs) via diﬀerent
upconversion (UC) mechanisms. Rapid development of short wavelength light sources in
recent years constantly opens new possibilities for emerging technologies where minia-
turization and power consumptions are the key factors. The visible light (VIS) and
ultraviolet (UV) emission at various wavelengths is of major practical importance for
many applications, particularly where visible gas lasers cannot satisfy increasing indus-
trial demand for reliability, high eﬃciency, compactness and long operating lifetime.
Principle applications for VIS lasers include large area high brightness colour displays,
optical data storage [4, 5], medical treatment (photodermatology [6], skin diseases treat-
ment, dental curing or targeting blood vessels; see Appendix A), materials processing,
printing, diagnostics, imaging (e.g. two-photon excitation microscopy or coherent anti-
Stokes Raman scattering microscopy [7]), pumping other lasers (e.g. peak absorption of
Ti:sapphire material is located at wavelength approximately 495 nm [8]) or submarine
communication. The latter is characterized by seawater attenuation spectrum, where
the minimum absorption appears at the so-called Jerlov Minimum [9, 10] between 400
to 500 nm (see Appendix B for more details). The underwater wireless optical communi-
cation technology plays a prominent role in investigating climate changes, prediction of
natural disasters, discovery of natural resources, marine biology in lake, sea, and ocean
environment [11]. Nowadays, the need for high speed communication has triggered the
research of non-acoustic long range methods. Optical wireless communication have been
considered for a long time to be such an alternative technology, but until recently the lack
of high radiance, reliable purple-blue laser sources was the major operational limitation
[12].
The UV lasers are widely used in science and industry. Main applications are: material
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processing (laser ablation, engraving and marking), mass spectrometry [13], medicine
(ophthalmology [14], integumentary system treatments [15, 16] and many others [7]),
biology, pumping other lasers (e.g. tunable dye lasers [17] and solid-state materials [18]),
ﬂuorescence excitation of a variety of ﬂuorophores (e.g. improved protection against
forgery), fabrication of ﬁbre Bragg gratings (FBGs), and photolithography [19, 20].
Deﬁnition of what is called visible electromagnetic radiation is ambiguous by means of
diﬀerent ranges within which most people can see reasonably well under most circum-
stances. Notwithstanding, in this thesis it is assumed that, after the ISO 21348:2007
standard [21], VIS occupies the wavelength range from 380 to 760 nm. Moreover, the
following subgroups can be speciﬁed:
 purple 360 nm ≤ λ < 450 nm
 blue 450 nm ≤ λ < 500 nm
 green 500 nm ≤ λ < 570 nm
 yellow 570 nm ≤ λ < 591 nm
 orange 591 nm ≤ λ < 610 nm
 red 610 nm ≤ λ < 760 nm
The UV electromagnetic spectrum spans between 10 to 400 nm wavelength and can be
divided into diﬀerent subtypes. According to the ISO 21348:2007 standard [21], there
are 9 groups of the UV. Nonetheless, hereafter only 4 of them will be used within this
thesis, i.e.:
 ultraviolet A (UVA) 315 nm ≤ λ < 400 nm
 ultraviolet B (UVB) 280 nm ≤ λ < 315 nm
 ultraviolet C (UVC) 100 nm ≤ λ < 280 nm
 vacuum ultraviolet (VUV) 10 nm ≤ λ < 200 nm
To generate VIS radiation from traditional active ions, e.g. RE ions, high energy states
need to be excited. Typically UV or very short blue wavelengths are required to pro-
mote these ions into the high-lying states directly. However, the pump sources operating
at such wavelengths are still not practical, limiting their usage to the laboratory envi-
ronment. The most eﬃcient excitation sources for solid-state lasers are SDLs operating
in the near-infrared (NIR) spectrum, i.e. 750 to 1000 nm wavelength. These pump
sources have stimulated the development of eﬃcient high power diode-pumped solid-
state lasers (DPSSLs), and naturally they are sought as a remedy for direct excitation of
higher lying energy states. Therefore, the visible, or even UV, emission must be attained
in other way. One mechanism that can be used is the UC process where at least two pump
photons with low energy produce one high energetic photon via various physical phenom-
ena, e.g. sequential absorption of two photons. The subject of resonantly-pumped RE
ions diluted in dielectric media is particulary interesting due to the availability of eﬃcient
SDLs with output wavelengths matched to a strong absorption feature of the active ions.
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Nowadays, the most popular ways of generating high power visible and UV radiation
from solid-state materials are:
 harnessing the non-linear eﬀect of sum-frequency generation (SFG) an the further
resulting second-harmonic generation (SHG), third-harmonic generation (THG)
and fourth-harmonic generation (FHG),
 optical parametric oscillation,
 conventional, downconversion lasers where higher lying metastable energy levels
are excited by high energetic pump photons,
 direct emission from electrically-pumped SDLs,
 UC lasers.
Undoubtedly, SHG has proven its superiority over all other techniques due to enormous
eﬀort of improvement of its components, i.e. excellent quality of frequency doubling crys-
tals [22] and constantly increasing fundamental optical power being frequency-doubled,
but also invention of diverse approaches to its constructions. Due to the very high in-
tensity requirements to achieve eﬃcient continuous wave (CW) SHG, the most eﬀective
method is via intra-cavity or resonant-enhanced SHG [9]. State of the art CW output
powers using SHG are in the order of tens of watts for fundamental mode operation
[23, 24, 25], whereas for pulse lasers 100W of average optical power has been broken
[26, 27] and conversion eﬃciencies exceeding 90% [25, 28]. Nonetheless, the above opti-
cal power values give a weak performance when compare with recent report of a single-
mode green laser based on single-pass frequency doubling of a linearly-polarized narrow
linewidth ytterbium (Yb) ﬁbre laser conﬁgured to operate in a range of regimes from CW
to high repetition rate quasi-continuous wave (QCW). Average optical powers of over
550W in QCW and over 350W in CW were obtained [29]. What is even more impressive
is the fact that this laser is commercially available from IPG Photonics company [30].
Generation of blue and UV light, based on RE-doped materials, is far less spectacular
than the green lasers. Only a few RE ions meet favourable conditions, like energy level
structure or transparency at both fundamental and frequency-doubled wavelengths, for
being considered as something more than initial demonstration or being further improved.
Up-to-date, the highest SHG optical power is generated from neodymium (Nd) RE ions
based on its 4F3/2 → 4I9/2 transition after being subsequently frequency-doubled. Most
of the highest optical powers (above 1W and near-diﬀraction-limited output) have been
achieved either with garnets [31, 32, 33] or vanadates [34, 35, 36] laser hosts, with the
state of the art CW above 20W of optical power [37]. Only for this particular case, the
frequency-doubled wavelengths cover spectral range of approximately 20 nm, i.e. from
454 nm [38] to 472 nm [31]. The other RE ion generating constant research interest is
praseodymium (Pr), able to lase at a few radiative transitions, which after frequency
doubling conversion results in short wavelength spectral range. The highest diﬀraction-
limited output at 261 nm wavelength reaching nearly 0.5W was achieved by researchers
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from Hamburg Univeristy1 [39]. The same research group also demonstrated purple,
425 nm wavelength, laser action of 540mW of optical power in an Er-doped material
upon frequency doubling the 4S3/2 → 4I13/2 radiative transition while pumping with a
792 nm wavelength SDL [40].
CW high power lasers, above watt level, operating in the tunable purple spectral range
can be obtained by frequency doubling Ti:sapphire transition metal laser in an external
optical cavity conﬁguration, see e.g. [41, 42]. Another recently demonstrated intra-cavity
CW SHG laser generating record high, based on chromium (Cr) transition metal ion,
was 265mW at 395 to 405 nm wavelength [43].
With the advent of high power SDLs emitting in NIR spectrum, it is possible to obtain
purple-blue light by utilizing simple single-pass SHG conﬁguration as well as more so-
phisticated approaches [9].
SHG is also a powerful tool to generate frequency-doubled harmonics not only from
solid-state lasers but also from dye and gas lasers; e.g. CW at 257 nm wavelength with
maximum optical power of 1.2W was generated by frequency doubling of an argon laser
[44].
Additionally, in order to extend the visible wavelength range obtainable by this tech-
nique, it is possible to ﬁrstly shift the fundamental wavelength to longer values using the
Raman eﬀect and then frequency doubling the slightly lower energy photons [45, 46, 47].
Another promising technique of intra-cavity SHG has emerged recently, based upon
optically-pumped semiconductor lasers (OPSLs). With these gain elements, CW blue
light in excess of 10W has been generated in laboratory conditions [48] and up to 5W for
commercially available lasers [49]. Notwithstanding, this approach has already appeared
to have reached its fundamental power scaling limits due to inherent thermal induced
stress.
Shorter wavelengths, also for the same Nd-doped materials, are obtainable in frequency
tripling mechanism, or THG, where the resulting optical frequency is three times that
of the fundamental wavelength. If the fundamental wavelength corresponds to the
4F3/2 → 4I11/2 transition of Nd3+ then the generated third harmonic appears in the
UVA spectral range around 350 nm, but when the fundamental wavelength occurs at the
4F3/2 → 4I13/2 transition then the frequency-tripled wavelength appears in the purple
spectral range concentrated around 440 nm. The latter case, see e.g. [50], is less common
approach, but it is a good alternative technique for generation of slightly shorter wave-
lengths comparing to frequency-doubled 9xx wavelengths, where not many RE-doped
laser system operated within 800 to 900 nm spectral region.
Another approach of all-solid-state UV generation is frequency quadrupling phenomenon,
or FHG, where the fundamental wavelength is converted into four times shorter harmonic
wavelength. This is usually accomplished with two sequential non-linear frequency con-
verters, although other conﬁgurations exist [9]. A major advancement in the development
1Solid-State Laser Group leads by Prof. Dr. Günter Huber at Universität Hamburg, Institut für
Laserphysik. Located in Hamburg (Germany); homepage: http://photon.physnet.uni-hamburg.de/
en/ilp/huber
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of CW source was the demonstration of FHG diode-pumped Nd:YAG solid-state laser
operating at 266 nm wavelength. Up-to-date, many lasers have been demonstrated with
emission wavelengths ranging from 190 to 280 nm and CW optical powers of few watts,
see e.g. [51, 52, 53, 54].
The optical parametric oscillators (OPOs) constitute a special group of highly coherent
sources, for which gain originates from optically-induced non-linear polarization. There-
fore, these devices are similar to lasers, but the mechanism of radiation generation is
completely diﬀerent. Their tuning range is limited only by the transparency of the
medium used, which in practice means that they can be widely tuned from the UV to
mid-infrared (MIR) or even terahertz wavelengths [55], thus being very ﬂexible sources.
Since the pump frequency always has to be higher than the generated frequencies, the
direct generation of wavelengths more energetic than the purple-blue light is required for
UV generation. Therefore, in order to overcome this shortcoming, a cascade combina-
tion of OPO with frequency doubling non-linear crystals is utilized. Such systems are
intensively developed by researchers from the ICFO2 [56, 57, 58]. CW, single-frequency
radiation in the purple-blue spectrum, oﬀering extended tunability from 425 to 489 nm
and up to 1.27W optical power have been demonstrated [59, 60]. The CW laser action
was also reported in the UV region, i.e. 333 to 345 nm wavelengths, with average op-
tical power of 15mW [61] and for pulsed regime within wide tunability across the 250
to 350 nm spectral range at up to 100mW of average power [62]. Nonetheless, an OPO
mechanism requires high spatial coherence for the pump source, whereas DPSSLs can be
excited with low coherence counterparts. Additionally, the development of CW OPOs
for the UV and purple-blue regions necessitates the search for highly sustainable and
reliable non-linear materials [56].
The idea of downconversion lasers, where a stimulated photon has a lower energy than a
pumping photon, is a straightforward solution for generating coherent light. This is not
an issue when laser systems are operated in NIR spectrum being prior excited by state
of the art 8xx or 9xx wavelength SDLs or even by either of blue emitting SDL [63] or
blue SHG lasers. The latter, is a subject of current research of Pr3+ generating VIS from
green to deep red colours [64, 65]. Another interesting material feasible of generation of
a few VIS lines is dysprosium (Dy); e.g. blue ﬁbre lasers have been realized utilizing this
RE ion [66]. Naturally, if the emission is sought in the blue spectral region, then the
pumping sources must emit in the purple or UV spectrum and if the emission is pursued
by even shorter wavelengths, then again the excitation photons must be more energetic.
Therefore, two shortcomings related to material properties can be attributed. Firstly,
wavelengths belonging to UV spectrum can be partially (or even entirely) absorbed by
laser hosts rather than by embedded RE ions, therefore narrowing selection of the hosts to
only a few materials exhibiting extended transparency in UV, e.g. ﬂuorides or chlorides.
2Optical parametric oscillators research group leads by Prof. Majid Ebrahim-Zadeh at The The
Institute of Photonic Sciences (Spanish: Instituto de Ciencias Fotónicas). Located in Barcelona (Spain);
homepage: http://www.icfo.eu/research/group_details.php?id=14
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Secondly, for intraconﬁgurational transitions3 originating from ground-state manifold,
absorption spectrum becomes narrower as wavelength increases4, consequently imposing
strict wavelength values at which suﬃcient absorption can be achieved, e.g. pumping
Tm ions by XeF laser at 351 nm wavelength [67]. For interconﬁgurational transitions5
the pumping process is signiﬁcantly relaxed due to inherently very high transition cross-
sections and broad absorption linewidths (consequence of electron-phonon coupling).
The majority of such lasers have been realized with trivalent cerium (Ce) ion due to
relatively small energy gap between the ground-state manifold and the lowest 5d1 level
and wide range of tunability in the UV spectrum, e.g.. [68, 69, 70]. In spite of how simple
it sounds, such lasers suﬀer from many problems, e.g. ionization leading to formation of
colour centres or demand of very high quality of laser materials [71, 72, 73].
With constant improvements in performance and in production, SDLs have become the
key player in the laser ﬁeld, gaining more and more interest in applications previously
dominated by other laser types. Their excellent eﬃciency, potential for high radiance,
compactness, robustness and decreasing cost enabling these tiny lasers to be present in
almost all photonics-related industry, or research areas. Semiconductor materials used
in production of SDL cover most of the spectral regions, i.e. near-UV, VIS, near-IR
and telecommunications windows. Laser systems based on SHG technology are still too
ineﬃcient, large, heavy, expensive, temperature sensitive, and fragile for broad deploy-
ment outside of specialty applications. On the other hand, the signiﬁcant fact about
the conventional high power laser sources is that they exhibit much higher radiance than
broad-stripe SDLs; however, the current situation is dynamic and might be changed with
advent of tapered diode lasers having improved construction [74, 75].
The high power SDLs emitting in UV, purple or blue spectral regions are mainly avail-
able in a single, broad-stripe form, limiting their radiance when compared to the most
powerful diodes operating at 8xx and 9xx wavelengths. State of the art CW performance
of kink-free output powers from single-mode lasers are: 750mW at around 440 nm wave-
length [76, 77, 78, 79] and approximately 500mW at 405 nm wavelength [80, 81], whereas
for the pulsed regime the highest published value is 1.6W average optical power at 1 kHz
repetition rate and 0.2% duty cycle operating at 410 nm wavelength [82]. Nowadays,
single-mode SDLs are readily available, from various manufacturers, e.g. Nichia6 or Os-
ram7, with maximum CW optical powers up to 300mW and multi-mode up to 1.6W
3Electric dipole transitions within the 4f subshell; routinely written as 4fn ↔ 4fn.
4This dependence is a results of the energy deﬁnition, which is inversely proportional to wavelength,
i.e. E = hc/λ. Absorption spectrum, in terms of wavelengths, between two largely separated multiplets
seems to be cramped comparing to other two closely positioned manifolds. Hence, it is useful to consider
absorption spectrum in terms of inverted wavelengths. In optical spectroscopy it has become customary
to express energy in cm=1 units.
5For RE-doped materials, electric dipole transitions are parity allowed, resulting in very high tran-
sition probabilities and ultrashort radiative lifetimes; routinely written as 4fn-15d ↔ 4fn. These lasers
work only in the pulsed regime.
6Nichia Corporation. Located in Tokushima (Japan); homepage: http://www.nichia.co.jp
7Osram Opto Semiconductors GmbH. Located in Regensburg (Germany); homepage: http://www.
osram-os.com
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or even 3.5W in recently launched prototype8. However, ongoing research in multi-
plexing many emitters is slowly reviving the hope of much higher VIS optical powers,
see e.g. 6.1W at ≈407 nm [83] or 270mW at 402 nm [84] both working under room
temperature (RT). First and foremost, manufacturing challenges of semiconductor ma-
terials of group III-nitride need to be overcome in order to gain wider interest by the
market. For pulsed regime, it should be noted that SONY, in conjunction with Tohoku
University (Japan), generated picosecond optical pulses with a peak power greater than
300W at 1GHz repetition rate at purple (405 nm) wavelength using an indium gallium
nitride (InGaN) Master Oscillator Power Ampliﬁer (MOPA) [85].
Despite of all the aforementioned shortcomings, SDLs are rapidly supplanting bulky,
complex, and power-hungry, commercial gas lasers9 and helium-cadmium (HeCd) laser10
generating low to moderate optical power in the purple-blue colour. However, the spec-
tral range below 360 nm is not yet commercially available due to material properties of
these lasers [91, 92]. In spite of the challenges, there has been rapid progress towards
achieving deep UV SDLs, e.g. researchers at Hamamatsu Photonics in Japan reported
an electrically-pumped aluminum gallium nitride (AlGaN) diode pulsed at 336 nm [93]
or even shorter wavelength of 300 nm operating at RT [94]. Sub-250 nm wavelength laser
action, under pulsed optical pumping region, were reported in [95, 96, 97] being, to the
best knowledge of the author of this thesis, the shortest ever published values. There-
fore, lot of research eﬀort must be devoted to develop eﬃcient electrically-pumped SDLs
which could compete with current UV sources (mainly exciplex lasers11).
Other, less common methods of generating short wavelength radiation from long wave-
length pump sources include: two-photon absorption (TPA), classical SFG [98, 99, 100]
and supercontinuum generation in optical ﬁbres [101].
The dominance of the above generation techniques does not mean that there is no room
left for the UC lasers. The generation of higher frequencies by non-linear conversion of
a fundamental wavelength has stringent constraints in phase matching and the stability
of the input intensity or the so-called green problem12, typical of all non-linear frequency
conversion techniques. A number of publications, e.g. [104, 105], highlight the interest
in developing better sources capable of producing coherent, higher power visible and
UV laser radiation. Therefore, for UC lasers the main requirements from applications
standpoint are beam quality (ideally diﬀraction-limited beam), high and stable output
8Nichia LD NDB7A75, 445 nm wavelength, TO-5 9mm package.
9The strongest emission lines in the UV and purple-blue spectral regions are: for argon ion laser
(275.4, 302.4, 334.5, 351.1, 363.8, 454.5, 457.9, 465.8, 472.7, 476.5, 488.0 and 496.5 nm) [86, 87, 88] and
for krypton ion laser (350.7, 406.7, 413.1, 476.2 and 482.5 nm) [87, 88]
10The strongest emission lines occur at 325.0 and 441.6 nm wavelength [89, 90].
11Exciplex lasers, or more commonly known as excimer lasers, are available in the following UV laser
wavelengths: F2 (ﬂuorine) 157 nm, ArF (argon ﬂuoride) 193 nm, KrF (krypton ﬂuoride) 248 nm, XeBr
(xenon bromide) 282 nm, XeCl (xenon chloride) 308 nm and XeF (xenon ﬂuoride) 351 nm.
12This deleterious optical phenomenon occurs for SHG conﬁguration with the non-linear crystal inside
the resonator, where the fundamental and frequency-doubled optical beams generate not only second-
harmonic, but also the sum frequencies of the laser's diﬀerent longitudinal modes. The output exhibits
large amplitude ﬂuctuations and longitudinal mode instabilities [102, 103].
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power, speciﬁc wavelength and mode of operation (CW or pulsed). Robustness, com-
pactness and reliability are also important factors to consider, especially when packaging
and manufacturing commercial lasers.
Solid-state lasers can be compact, robust, having superb opto-mechanical properties and
good compatibility with SDLs; as such, they oﬀer an excellent platform for UC lasers.
Moreover, employing planar waveguide structure as the gain element in a solid-state
laser architecture, has been shown to provide high gain and low threshold pump powers,
ultimately boosting the optical output laser power as well as the overall eﬃciency. Planar
waveguide lasers (PWLs) not only exhibit excellent thermal management and spatial
compatibility with available pump sources [106], but also conﬁne the pump and laser
optical beams to provide a long, high intensity interaction length within the guided
medium. Thus, the PWL architecture has the potential to be the foundation for simple,
inexpensive and compact upconversion laser systems.
At present, CW UC lasers operating under RT condition, like most other laser, suﬀer
from various drawbacks. Firstly, they exhibit high threshold pump intensities, therefore
high radiance pumping sources are required. Secondly, detrimental thermally induced
eﬀects such as thermal lensing lead to distortion of the gain medium and laser beam
quality, reducing overall eﬃciency. Furthermore, in more severe cases stress-induced
fracture of the laser host is a potential threat. Finally, careful consideration must be
taken when selecting the optimum laser host, namely key parameters include ease of
material processing suitable for laser quality optical ﬁnishing, good thermal properties,
a reasonable energy storage (long ﬂuorescence lifetime), high stimulated emission cross-
sections (ECSs), high excitation eﬃciency and weak interionic eﬀects, which quench
lifetime of relevant metastable energy levels involved in the upconversion process.
Relatively little work has been done in the area of UV and visible PWLs, primarily
because the pumping source technology could not provide suﬃcient optical intensity
required for this kind of lasers. Thus, the aim of this research was an initial preparation of
experimental laser setups taking advantage of high radiance SDLs with narrow linewidth
selection using Volume Bragg Grating (VBG) technology and exploiting the waveguide
properties to enhance the optical intensity and consequently extract enough gain from
weak transitions of trivalent thulium and neodymium RE ions.
1.2 Background
This section contains the basic information and concepts required in the proper under-
standing of the physical phenomena developed in the later parts of this work. It starts
with a description of the basics of laser operation, with the emphasis on solid-state gain
materials, such as active essential elements, pumping schemes, optical feedback, light
interaction with matter, diﬀerences between quasi-three- and four-level lasers.
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The nature of an active element, or commonly called gain medium, makes up the main
classiﬁcation system for lasers: gas lasers, dye lasers, semiconductor lasers and solid-
state lasers. This thesis concerns the latter class when using a SDL as the optical pump
source, i.e. DPSSLs and where the active elements are trivalent RE ions embedded into
dielectric optical crystals.
The second subsection provides fundamental theory of RE elements, especially empha-
sising their third oxidation state. A detailed spectroscopy of trivalent thulium and
neodymium RE ions is explained in terms of dynamic processes and laser gain hosts
properties governing radiative and non-radiative transitions which are key parameters
for upconversion lasers.
The next two subsections contain details of the upconversion processes, as well as inte-
rionic interactions between active ions.
Finally, the last subsection gives general overview of the light propagation in a planar
waveguide structure utilizing simple slab geometry model.
1.2.1 Principles of solid-state lasers
The word LASER is an acronym of Light Ampliﬁcation by Stimulated Emission of Ra-
diation and the laser action is naturally linked with the principles governing interaction
of electromagnetic radiation with matter, such as absorption, emission, reﬂection, scat-
tering and so on. The main diﬀerence between laser and other emission sources is high
degree of spatial and temporal coherence.
The most important mechanisms between active centres, from the laser action point of
view, are: absorption, spontaneous emission and stimulated emission. These processes
are well-understood, and therefore for the brevity of this thesis, readers are encouraged
to check other comprehensive sources, e.g. Siegman [107] or Svelto [108].
Gain medium
Laser
output
Pump
beam
IC OC
Figure 1.1: Schematic diagram of a typical end-pumped laser. Abbreviations
are as follows: IC  input coupler mirror and OC  output coupler mirror.
In its most basic form, a laser consists of three components: an active element that
provides the energy levels for a laser transition by means of stimulated emission, mirrors
that enable control of the laser process through optical cavity feedback, and ﬁnally a
pump source that supplies energy to the gain medium. A schematic of the laser cavity
is shown in Figure 1.1.
10 Chapter 1 Introduction
In a solid-state laser, the medium is a crystal, glass or ceramic containing a relatively
small admixture of an active element in which transitions occur. In case where the active
element is one of the RE ions, these transitions happen between an upper laser level,
so-called metastable energy level, Eu, and lower laser level, El. Each photon, undergoing
a radiative transition, contains the energy equals to
 
E = Eu − El.
In thermal equilibrium, decidedly more atoms are in a ground-state level, Nl, than in an
excited-state level, Nu, i.e. Nl  Nu, preventing the spontaneous emission from being
intensive enough to induce signiﬁcant stimulated emission. In order to break this condi-
tion and push the system into a non-equilibrium state, i.e. Nu > Nl, called a population
inversion, the active medium is pumped with suﬃcient energy. The generated photons
stimulate the emission of radiation from other excited atoms, and the oscillation process
initiates by the presence of even at a small amount of noise that contains frequency
components within the bandwidth of the ampliﬁer at its input. This light is ampliﬁed
and the output is fed back to the input, where it undergoes further (avalanche) ampli-
ﬁcation. The increase of the signal is ultimately limited by saturation of the ampliﬁer
gain, and the system reaches a steady state level in which the output signal is created
at the frequency of the optical resonant ampliﬁer.
In a practical laser device, it is generally necessary to have certain positive optical feed-
back in addition to optical ampliﬁcation provided by an active element. This requirement
can be met by placing the gain medium in an optical resonator. The optical resonator
provides selective feedback to the ampliﬁed optical ﬁeld, where the energy within the op-
tical resonator builds and is ampliﬁed by reﬂections between the mirrors that stimulate
more and more atoms to generate laser photons. With one of the mirrors, being partially
transmitting, the output coupler (OC), a portion of the energy is permitted to escape
from the optical resonator, becoming a wanted loss of photons, i.e. the output of a laser.
Generally a much higher optical intensity remains in the optical resonator to ensure that
the stimulated emission is stronger than the spontaneous emission. The picture is more
complicated, though. Even under the best conditions there are always additional losses
due to scattering and absorption in various optical components. Hence, in order to ignite
the laser action, the net gain coeﬃcient at a laser wavelength must be larger than sum
of all optical losses; this is necessary condition for obtaining a laser action. The second
condition which must be satisﬁed is that the total phase shift in a single round-trip must
be a multiple of 2pi such that the feedback input phase matches the phase of the original
input. An in-depth study of all sort of optical cavities does not fall within the scope of
this thesis, though. A detailed description can be found elsewhere, e.g. [109, 110].
In general, a radiative laser transition between two manifolds are broadly classiﬁed into
three distinct types: three-level laser, four-level laser and an intermediate case quasi-
three-level laser. The laser dynamic of each of these systems is unique, and the following
description gives a brief explanation.
In the four-level systems, three excited-states are involved, where the laser transition
takes place between the third and the second manifolds, E3 and E2, respectively (see
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Figure 1.2: Simpliﬁed energy level diagrams: (a) four-level laser, (b) three-level
laser, (c) quasi-three-level laser.
Figure 1.2a). After pump excitation of the energy level E3, usually ions non-radiatively
relax from this level into the next energy level E2 (metastable energy level), where they
are stored. Subsequently, the laser transition occurs from this energy level downward to
energy level E1, from where the ions are predominantly de-excited by fast multiphonon
decay. Since the terminal laser level, i.e. E1 manifold, is not thermally-populated due
to the ample energy separation from the ground-state, the laser is not aﬀected by reab-
sorption loss at the laser wavelength. This has further implication in terms of threshold
pump power. On the other hand, the radiative quantum eﬃciency is reduced and there-
fore more heat is generated. The most popular laser utilizing such system is Nd:YAG
operating on the 4F3/2 → 4I11/2 transition (1064 nm laser line).
For three-level lasers, lasing takes place between the second and the ground-state mani-
folds, E1 and E0, respectively (see Figure 1.2b). After excitation of the pump source to
the excited level E2, it becomes populated and after a short period of time the excited
ions relax non-radiatively to the metastable energy level E1. Since the terminal laser
level is in the thermally-populated ground-state manifold, the population inversion must
be fairly high in order to achieve gain at the laser wavelength. This generally drives the
threshold condition towards quite high powers. An example of a three-level laser medium
is ruby (Cr3+:Al2O3), the world's ﬁrst laser demonstrated in 1960 by Maiman [111].
Nevertheless, the largest number of laser transitions, based on trivalent RE ions, fall
into the quasi-three-level scheme, i.e. 4F3/2 → 4I9/2 in Nd, 5I7 → 5I8 in holmium (Ho),
4I13/2 → 4I15/2 in erbium (Er), 3F4 → 3H6 in thulium (Tm) and 2F5/2 → 2F7/2 in Yb.
The laser dynamic is somewhat balanced between the two previously described systems,
because the terminal energy level is the ground-state manifold split into several sublevels
(Stark energy levels) within energies of the order of 300 to 1000 cm=1 (see Figure 1.2c).
At RT, the top positioned Stark energy levels are weakly thermally-populated, e.g. in
Nd:YAG the most energetic sublevel (857 cm=1) accumulates less than 1% of total dopant
concentration [112], and therefore the laser transitions require higher optical pump in-
tensities to overcome a relatively, but non-negligible, reabsorption loss. This drawback,
however, is completely lifted when the laser system operates under low temperature con-
dition, where according to the Boltzmann distribution theory, the active ions occupy
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only the lowest Stark energy level, leaving the top energy sublevels practically empty.
Laser
beamHe
at
(a) Rod (b) Slab
(c) Thin-disk (d) Optical fibre
Figure 1.3: Schematic of the main geometries for solid-state laser materials: (a)
rod, (b) slab, (c) thin-disk and (d) optical ﬁbre.
Associated with the pumping process is waste heat, left behind in the active medium.
Due to the relatively small volumes involved in the active medium, the thermal power
density becomes detrimental to its integrity when scaling to higher laser powers. Hence,
the choice of a proper geometry for the active element can improve the thermal manage-
ment for any kind of solid-state laser, which must respect the utilized pumping source
and laser cavity conﬁguration. This particular ﬁeld is of paramount importance for high
power lasers, where the gain material integrity is compromised by the induced thermal
load in the pumped volume, e.g. thermal lensing, thermal stress or even fracture. The
most straightforward approach to the reduction of the thermal eﬀects is achieved by
increasing the ratio of the cooled surface area to the pumped volume, as well making
a short distance between both. Throughout the decades, many laser architectures em-
ploying well-engineered active element's geometries have evolved, of which none of them
possess a ubiquitous solution for all kinds of applications. Nonetheless, the most pop-
ular solid-state host medium geometries are: rod, slab, thin-disk and optical ﬁbre (see
Figure 1.3). A brief description of these geometries tailored into the laser conﬁgurations
is given as follows.
In the rod laser, depicted in Figure 1.3a, the active element can be optically pumped
either from the sides or from its ends. The latter case, may provide a good spatial
overlap between the fundamental mode of the optical resonator and the excited volume.
The generated heat is extracted through the side surface of the rod and therefore simple
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cooling constructions are applied. The thermal load is fairly prominent in this geome-
try, manifesting in the thermal lensing. Luckily, proper combination of the laser gain
properties and optical compensation techniques, such as multilayer crystal with attached
undoped caps to its ends or non-uniform doping rod's sections, can eﬀectively mitigate
the thermal load impact. A special case of rod geometry is so-called single crystal ﬁbre,
where its cross-section is so small that it acts as a highly multimode waveguide at a
pump wavelength [113]. Nonetheless, power scaling beyond hundred watt levels based
on this architecture is challenging.
In the slab construction, depicted in Figure 1.3b, the active element can be alike excited
as the rod, namely either from the side or from its ends. The slab geometry oﬀers good
thermal management by means of maintaining uniform one dimensional temperature gra-
dients within the gain element. A simple cooling construction, in thermal contact with
the faces perpendicular to the thin dimension, is suﬃcient. In high power applications
(>1 kW), the thermal load is greatly reduced by what is called zig-zag concept, where the
laser beam is guided through the slab via total internal reﬂection (TIR) eﬀect. Further-
more, this geometry is favourable to spatial matching with high power semiconductor
diode laser bars (SDLBs), a feature which is diﬃcult to achieve in the rod geometry.
The thin-disk geometry has reinvented the laser gain medium by taking the rod geometry
to its extreme a ﬂat disk (somewhere between 0.1 to 1.0mm in length) and in conjunc-
tion with eﬃcient heat dissipation of the residual pump energy in the slab geometry, it
has become a key solid-state laser technology for achieving >10 kW output powers. The
backside of the thin-disk is coated with a highly reﬂective systems of dielectric layers
for a pump and laser wavelengths and attached to a water-cooled heat sink, allowing an
eﬃcient heat removal via the whole backside of the disk. Whereas, the other side of this
active element is pumped with SDLs arranged across the surface. The simpliﬁed laser
conﬁguration can be seen in Figure 1.3c. Unlike the side-pumped conﬁgurations, this
approach enables high spatial overlap between the fundamental mode of the laser cavity
and the pumped volume. Currently, the thin-disk lasers' main competition is the high
power ﬁbre laser for industrial applications, mainly due to their very high eﬃciencies.
Finally, optical ﬁbre lasers constitute the most versatile solid-state laser group for indus-
trial applications. The optical ﬁbre can be considered as an extremely long rod with tiny
cross-section, where the thermal load is distributed along its long length, allowing eﬃ-
cient extraction of substantial heat. Owing to the guidance eﬀect within the ﬁbre's core,
very high optical intensities at long interaction length between the pump optical powers
and the active medium can be obtained. Modern high power ﬁbre lasers utilized the
cladding-pumped double-clad (DC) structure (see Figure 1.3d). The pumping process of
the active core can be done with the aid of free space optics or using optical elements
formed into optical ﬁbres. The optical cavity can have various forms, e.g. consisted
of an external cavity with free space mirrors or in so-called all-ﬁbre designs, where all
the optical elements are within optical ﬁbres. The main limits power scaling of optical
ﬁber lasers are [114]: thermal rupture, melting of the core, thermal lensing, stimulated
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stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS) and optical
damage.
1.2.2 Spectroscopy of rare earth ions
The International Union of Pure and Applied Chemistry (IUPAC) deﬁnes rare earth
(RE) elements as a collection of seventeen chemical elements in the periodic table [115]:
ﬁfteen lanthanoids13 consisting of elements lanthanum (atomic number, Z = 57) through
lutetium (Z = 71) plus scandium (Z = 21) and yttrium (Z = 39) (see Figure 1.4).
Scandium and yttrium are considered as RE elements since they tend to occur in the same
ore deposits as the lanthanoids and exhibit similar chemical properties. All lanthanoids
are f-block elements, corresponding to the ﬁlling of the 4f electron shell. Lutetium, which
is a d-block element, may also be considered to be a lanthanoid. In addition, RE elements
can be separated into light and heavy groups based on the electron conﬁguration. The
light group has in common increasing unpaired electrons, from 0 to 7, namely lanthanoids
elements from lanthanum to gadolinium, whereas the rest of the lanthanoids have paired
electrons.
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Figure 1.4: Rare earth elements.
The f-electrons are well-shielded by the outer 5s and 5p subshells from the chemical
environment and therefore almost retain their atomic character. The electronic structure
of RE3+ ions originates from the perturbation of the 4f energy level in the central ﬁeld
13The IUPAC recommends the name lanthanoid rather than lanthanide, as the suﬃx "-ide" generally
indicates negative ions, whereas the suﬃx "-oid" indicates similarity to one of the members of the
containing family of elements.
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approximation by the non-centrosymmetric electronelectron interaction, the spinorbit
interaction, and the Stark eﬀect (crystal ﬁeld splitting); see Figure 1.5 exemplifying
energy level splitting diagram for Tm3+ in a solid matter.
central
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ﬁeld
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3F
1G
3H6
3H5
3H4
spin-orbit
splitting
2S+1( L )J
crystal
ﬁeld
Figure 1.5: Example of energy level of trivalent thulium ion indicating the
splitting of the 4f 12 conﬁguration in the central ﬁeld approximation by the
non-centrosymmetric interaction, the spin-orbit interaction and the crystal ﬁeld
splitting.
The neutral lanthanoid series possess the xenon (Xe) structure of electrons as a core [Xe],
i.e. 1s22s22p63s23p63d104s24p64d105s25p6 with either two, 6s2, or three, 5d16s2, outer
electrons.
All lanthanoid elements form trivalent cations, Ln3+, when doped into an ionic matrix.
The divalent oxidation state is likely and numerous lasers exist based on these, e.g. Eu2+
or Tm2+ diluted in CaF2 [116, 117]; the tetravalent oxidation state is rare.
The chemistry is largely determined by the ionic radius, which decreases steadily from
lanthanum to lutetium. This shrinkage trend is called the lanthanoid contraction and re-
sults from the fact the 5s and 5p orbitals penetrate the 4f subshell so the 4f orbital is not
shielded from the increasing nuclear charge, which causes the atomic radius to decrease.
As a consequence, the optical transitions of RE ions occur mainly within the 4f subshell,
so-called intraconﬁgurational transitions. The 4fn ↔ 4fn emission spectra demonstrate
sharp lines in UV, VIS and IR wavelength regions especially when compared to those in
transition metal ions, such as Cr or titanium (Ti). Moreover, the optical transitions are
generally slow ranging from microseconds to milliseconds by partially forbidden tran-
sitions. On the other hand, so-called interconﬁgurational transitions, 4fn-15d ↔ 4fn,
occur in UV and blue spectral regions, possess very high transition probabilities and ul-
trashort metastable lifetimes. Nonetheless, the eﬀects of diﬀerent host environments on
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the spectroscopic properties of RE ions are more subtle than those for transition metal
ions, they can cause signiﬁcant diﬀerences in lasing characteristics through changes in
physical processes such as radiative transition strength, multiphonon decay rate, excited-
state absorption (ESA) or ﬂuorescence quenching mechanisms.
In a free RE ion, the spin-orbit multiplets are denoted by their spectroscopic term symbols
in the Russell-Saunders coupling, 2S+1LJ, where S,L, J are the total quantum number
(2S+1 is the spin multiplicity), total orbital quantum number and total angular momen-
tum quantum number, respectively [118]. The energy of each multiplet is (2J + 1)-fold
degenerate.
Once embedding the same RE ion into a solid-state material, the electrostatic ﬁeld of
the surrounding atoms (forming the ligand) reduces the ion's symmetry from spherical
to the symmetry of the position which the ion occupies in the medium. The multiplets
will be split into a number of sublevels (Stark energy levels), which can be calculated by
means of the 32 crystallographic point groups theory [118]. In short, two cases can be
distinguished taking into account the integrality of J quantum number:
 integral when ion has an even number of f-electrons, the multiplets splitting
follows the rule of the point group symmetry, e.g. the 3H6 ground-state of Tm3+
(n = 12) splits into 13 non-degenerate Stark energy levels in yttrium aluminum
garnet (YAG) matrix (D2 point group), but the same manifold gives rise to 10
sublevels in yttrium lithium ﬂuoride (YLF) crystal (S4 point group),
 half-integral when ion has an odd number of f-electrons, the multiplets always
appear as ((J + 1)/2)-fold degenerate pairs of Stark energy levels, e.g. the 4I9/2
ground-state of Nd3+ splits independently of the host into 5 energy sublevels.
The number of sublevels from the Stark splitting is large when compared to those for the
free ion. However, the weak splitting of the levels results in relatively closely-spaced (on
order of a few hundreds of cm=1) clusters of energy sublevels around the free ion energy.
Under the inﬂuence of the electrostatic crystal ﬁeld of the lattice, the Stark splitting vary
from crystal to crystal. Moreover, the transition lines broaden as a result of interactions
with phonons of the lattice.
The electric dipole (ED) transitions are, according to the selection rules14, normally
forbidden between the 4f conﬁguration states since they have the same parity. However,
the non-centrosymmetric crystal ﬁeld admixes these states with the even-parity states
of the 4fn−15d1 conﬁguration resulting in so-called forced dipole transitions observable
in RE ion spectra. The transition strengths of these transitions are weak (compared to
allowed ED transitions) and the metastable energy level lifetimes are long (within the
range of milliseconds).
14For trivalent RE ions diluted into solid-state matter, where the ions interact with ligands electrostatic
ﬁeld, the selection rules in the Russell-Saunders approximation are simpliﬁed to only one relation, i.e.
|∆J | ≤ 6 for ED transitions, whereas for magnetic dipole (MD) transitions the relations are more strict,
i.e. ∆S = ∆L = 0 and |∆J | ≤ 1 (except the 0 → 0 case).
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The MD transitions are allowed between the 4f conﬁguration states since they are not
parity forbidden and their strength can be comparable with the forced ED transitions; an
example of such a radiative transition is the 3H6 → 3H5 ground-state absorption (GSA)
of Tm3+ consisting of both dipole transitions.
The electric quadrupole transitions are very weak, and hence they are unimportant [119].
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Figure 1.6: Energy level diagrams of trivalent Nd and Tm ions, including the
main radiative transitions discussed in this thesis.
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1.2.3 Trivalent neodymium Nd3+ ion
Trivalent neodymium ion (Nd3+) is one of the most successful active RE ion for solid-
state lasers, which has been made to lase in vast laser host materials. It can operate
either in pulsed or CW mode, generally exhibiting sharp emission lines. The most com-
mon laser wavelength is slightly beyond 1 µm (four-level laser based on the 4F3/2→ 4I11/2
transition), albeit there are several other possible laser transitions in NIR spectrum, as
well as in UV spectral region.
The electron conﬁguration of Nd3+ is: [Xe] 4f3, because when the ion is formed it losses
2 electrons from the outermost 6s orbital and one f-electron. The three f-electrons are
the ones that play the dominant role in determining the optical properties of the ion.
Due to odd number of the f-electrons, the degeneracy of the Stark energy levels remain
doubled, unless an external magnetic ﬁeld is applied.
The lowest Nd3+ ion energy level belongs to the 4I9/2 manifold, whereas the metastable
energy level, 4F3/2, positioned at around 11 500 cm=1 above the ground-state gives op-
portunity to lase at four distinct radiative transitions; see the energy level diagram of
this RE ion up to 50 000 cm=1 in Figure 1.6. In general, the electronic structure of Nd3+
is rich with densely packed multiplets above 4F3/2 when compared with other trivalent
RE ions; see the famous Dieke diagram of energy levels for trivalent lanthanide ions in
lanthanum chloride (LaCl) host [120]. From Figure 1.6 a number of potential metastable
levels can be inferred having distinct energy gap separation from lower positioned man-
ifolds. These energy gaps, based on the energy levels of Nd:YAG [121], include:
 4F3/2 ∆E ≈ 4700 cm−1
 2P3/2 ∆E ≈ 2100 cm−1
 4D3/2 ∆E ≈ 1500 cm−1
 2F(2)5/2 ∆E ≈ 3500 cm−1
 2G(2)9/2 ∆E ≈ 7200 cm−1
A suitable pump wavelength for this active centre is around 800 nm where the ions are
promoted from the 4I9/2 ground-state level into the 4F5/2 manifold, from where the ions
relax (in practice completely non-radiatively) to the 4F3/2 metastable energy level. The
latter manifold acts as an energy reservoir, accumulating excitation induced by the GSA.
Because the probability for multiphonon relaxation between the 4F3/2 and 4I15/2 adjacent
manifolds is small (see Chapter 3 for details), then the energy undergoes further pro-
cesses, either as radiative downwards transitions or energy-transfer mechanisms leading
to a reduction of the radiative quantum eﬃciency (ηq ≈ 85 % as taken from [122, 123]).
These interionic processes, concerning the 4F3/2 long-lived metastable level, have been
successfully identiﬁed, see e.g. [124, 125, 126]. These include four (number of the 4IJ
energy levels below the investigated manifold) energy-transfer upconversion (ETU) mech-
anisms and three cross-relaxations (CRs) listed below (based on energy levels of Nd:YAG)
[125]:
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 ETU1 (4F3/2,4F3/2) → (4I15/2,4G5/2)
 ETU2 (4F3/2,4F3/2) → (4I13/2,4G7/2)
 ETU3 (4F3/2,4F3/2) → (4I11/2,2G(1)9/2+2D(1)3/2)
 ETU4 (4F3/2,4F3/2) → (4I9/2,2P1/2)
 CR1 (4F3/2,4I9/2) → (4I15/2,4I15/2)
 CR2 (4F3/2,4I9/2) → (4I15/2,4I13/2)
 CR3 (4F3/2,4I9/2) → (4I13/2,4I15/2)
For crystals having extended transparency in UV spectral range (mainly ﬂuorides), the
interconﬁgurational luminescence of Nd3+ usually occurs below 200 nm [127], like in case
of Nd:LaF where the peak emission is located at 173 nm wavelength. Nevertheless, the
major shortcoming of this transition is its parity-allowed nature manifesting in extremely
short ﬂuorescence lifetimes (of the nanosecond order), e.g. in Nd:LaF the ﬂuorescence
(172 nm) lifetime exhibits double exponential decay with two components yielding 1.9
and 6.7 ns [128].
1.2.4 Trivalent thulium Tm3+ ion
Trivalent thulium ion (Tm3+) is a widely used RE ion in solid-state laser systems, par-
ticulary in IR spectrum. Two distinct features play pivotal roles, namely strong GSA
resonant with low-cost, high power SDLs emitting around 800 nm and high ﬁgure of
merit, being the product of stimulated ECS and ﬂuorescence lifetime from the 3F4 en-
ergy state.
Tm3+ has 12 electrons in its 4f shell, hence the remaining 2 f-electrons constitute simple
conﬁguration of energy levels, i.e. ground-state manifold plus 12 excited-state multiplets;
see the energy level diagram in Figure 1.6 (the highest energy level, 1S0, separated from
the ground-state by ≈80 000 cm=1 [129] is not shown). Many of its multiplets are well-
separated from each other rising opportunities of laser operations at wavelengths from IR
through VIS to UV. Substantial energy gaps can be addressed in the following manifolds
(based on energy levels of Tm:YAG):
 3F4 ∆E ≈ 4700 cm−1
 3H4 ∆E ≈ 3700 cm−1
 1G4 ∆E ≈ 5400 cm−1
 1D2 ∆E ≈ 6100 cm−1
 1I6 ∆E ≈ 6300 cm−1
The large separations between energy levels means that, except for a few cases, Tm3+ ions
need to be excited directly into an emitting metastable levels. This raises an important
question of stimulated emission at a pump wavelength for materials which requires high
excitation or ground-state bleaching (GSB) in order to achieve laser action. Therefore,
not only the knowledge of absorption cross-sections (GSA as well as ESA) is needed,
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but also the corresponding stimulated emission cross-sections. For instance Nd3+ ion
has superb energy level composition, namely the metastable level, 3F4, is populated
indirectly by multiphonon decay rate from the slightly higher positioned pumping bands
4F5/2 + 2H(2)9/2 and thus no stimulated emission exists at the pump wavelength.
The 3F4 manifold is the ﬁrst excited-state of Tm3+ located approximately at 6000 cm=1
above the ground-state level. The 3F4 → 3H6 transition exhibits strong and broad
emission features, favourable to CW as well as pulsed lasing. In general, the lifetime of
this metastable energy level is on the order of 10ms and rather weakly-dependent on
the multiphonon de-excitation. Excitation of this level can be achieved either by direct
pumping or indirect into the 3H4 absorption band and then relying on the eﬃcient CR
process to populate the 3F4 manifold [130].
A detailed characteristics of the energy levels kinetics, related to upconversion processes,
is given in Chapter 5.
1.2.5 Energy transfer processes in solid-state materials
Energy transfer is a radiationless phenomena capable of transferring energy from one
type of excited centre, sensitizer (S)15, to another type of centre, activator (A). Interac-
tions between RE ions play an important role in highly doped crystals, where the optical
behaviour of such crystals undergo more complex dynamics than in case of dilute impuri-
ties, for which the single ion interaction with the crystal ﬁeld is suﬃcient to described its
properties. Usually, the non-radiative energy transfer from one ion to another nearby ion
in RE-doped solid-state materials is attributed to detrimental quenching eﬀects. How-
ever for some applications, energy transfer is a desirable process, e.g. yielding eﬃcient
excitation of high-lying metastable manifolds or improving laser eﬃciency by means of
reducing heat dissipation by increasing the quantum eﬃciency to 2, e.g. Tm3+ CR.
Here, only some energy transfer processes relevant to the scope this thesis are described.
Comprehensive studies can be found elsewhere, e.g. [131, 132]. Since the RE ions em-
bedded into solid-state media cannot move, three of the most important energy transfer
processes occur, which are: energy migration (EM), CR and ETU (see Figure 1.7). Other
non-radiative phenomena include [131]: cooperative sensitization, cooperative lumines-
cence and generalized sensitization.
When the RE ion concentration is low, then the interionic distance is large, thus ion-ion
interactions are weak. However, many energy processes are observed at elevated dopant
concentrations or clustering eﬀect. Thus, energy transfer mechanisms are concentration-
dependent.
15The naming of these impurities embedded into dielectric media is retained from the phosphor ﬁeld.
Professor François Auzel, whose pioneer work on the spectroscopy of rare-earth elements is highly rec-
ognized, in order to avoid confusion with semiconductor area, suggested to call the active centres as
sensitizers and activators, instead of donors and acceptors, respectively [131]. Consequently, this vocab-
ulary is maintained in this thesis, even though the cited references state diﬀerently.
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Figure 1.7: Energy transfer processes: (a) energy migration between sensitizers,
(b) cross-relaxation and (c) energy-transfer upconversion between sensitizer and
acceptor.
Energy transfer from sensitizer to activator can be either a static or migration-assisted
process. In the former case, the excitation undergoes single, direct transfer from S to
A. Whereas the excitation is ﬁrstly redistributed among the nearby sensitizers and then
eﬃciently transferred to an activator, is the second case.
Phonon-assisted transitions play an important role in the overall energy transfer mech-
anism by balancing energy mismatch of non-resonant transitions, e.g. in Tm3+-doped
solid-state materials it was shown that the CR requires the emission of phonons in order
to conserve energy [133, 134]. In general, exothermic processes are more probable than
endothermic processes due to the fact that phonon creation is more likely than phonon
annihilation [130].
1.2.5.1 Energy migration
Energy migration16 is a process where energy is resonantly transferred between ions of
the same species17 and involving the same transition levels, as can be seen in Figure 1.7a.
It is proportional to the overlap between the sensitizer absorption and emission cross-
sections.
The migration-assisted energy transfer can be categorized into three types, depending
on its strength with respect to the probability of other energy transfer processes, namely
diﬀusion, hopping or fast migration and supermigration [135]. For RE ions doped into
solid-state materials, the most likely migration-assisted energy transfer is the hopping
mechanism, despite the commonplace utilization of the diﬀusion model in many publi-
cations [136].
It should be noted that, the energy between the ions can be exchanged radiatively, but
this process results in radiation trapping lengthening the ﬂuorescence decay time with
16Commonly referred as donor-donor transfer.
17If the system is made up of two diﬀerent RE ions, e.g. Er-Yb codoped material, then the energy
transfer process is considered as generalized sensitization.
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respect to the intrinsic ﬂuorescence lifetime, whereas EM is responsible for concentration
quenching of an excited energy level.
In case of Tm:YAG, the migration of excitation energy among the active ions in the 3H4
manifold, at RT, is slow compared to CR [137]. On contrary, the EM rate of the 3F4
energy level was found to be greater than that of CR (see e.g. Tm:YLF [138]), causing a
large scale energy diﬀusion between the Tm ions or serving as an eﬃcient sensitizer for
other luminescence centres, such as Ho3+ [137, 139, 140, 141].
1.2.5.2 Cross-relaxation
The cross-relaxation mechanism is a particular form of interionic energy transfer, whereby
the energy from an excited sensitizer is transferred to a nearby activator ion, promoting
the activator ion into a higher energy state, while de-exciting the sensitizer ion to a lower
energy state. Generally, the activator ion can be in an excited-state or in the ground-
state; see Figure 1.7b for the latter case. Moreover, terminal energy levels of the sensitizer
and activator do not need to be the same manifold, e.g. the (1G4,3H6) → (3F2,3F4)
CR for Tm3+ [141], albeit the most exploited (3H4,3H6) → (3F4,3F4) CR mechanism
facilitates achievement of eﬃcient laser operation of Tm-doped materials around 2 micron
wavelength, i.e. the 2-for-1 process.
The dipole-dipole probability of CR, W d−dCR , can be obtained using [130]
W d−dCR ∝
K
R6SA
Stot(JS; J
′
S)Stot(JA; J
′
A) (1.1)
where K is the normalized spectral overlap between the sensitizer emission spectrum
and the activator absorption spectrum, R6SA is the separation between the sensitizer
and activator ions, Stot(JS; J ′S) and Stot(JA; J
′
A) are the total manifold to manifold line
strengths for the sensitizer and the activator, respectively; see the next chapter related
to the Judd-Ofelt (JO) theory. The CR is a temperature-dependent phenomenon, due
to K variation with the temperature.
Jackson [133] demonstrated that for silica optical ﬁbres the (3H4,3H6)→ (3F4,3F4) CR is
a resonant process, because of the strong spectral overlap between the 3H4 → 3F4 ﬂuores-
cence spectrum and the 3H6 → 3F4 absorption spectrum, whereas the same transitions
are non-resonant for crystalline materials, and therefore the CR is a phonon-assisted
process.
However, CR can also be a detrimental eﬀect, serving as an additional de-excitation path
for the activator's initial energy level, e.g. spontaneous emission of the 3H4 manifold of
Tm3+ competes with the aforementioned CR mechanism. Furthermore, the impact of
this non-radiative transition, taking into account only dipole-dipole interaction, which
increases quadratically with concentration of Tm ions [137].
In general, multiple CRs might occur between the same sensitizer and activator pair
initially being in their energetic states and after the transitions terminating in diﬀerent
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manifolds, e.g. Pollnau et al. [124] and Palatella [125] identiﬁed 3 diﬀerent CR processes
involving the initial 4I9/2 and 4F3/2 energy levels of Nd ion; see the background section
related to Nd3+ spectroscopy.
Other high-lying energy levels of trivalent thulium, i.e. 1G4, 1D2 and 1I6, are also af-
fected by multiple CR processes as can be found in the work of Tkachuk et al. [142, 138].
Detailed analysis of these energy levels of interest is given in Chapter 5.
1.2.5.3 Energy-transfer upconversion
In RE-doped solid-state materials, the ETU (also known as Auger upconversion or pro-
cess) occurs when two neighbor ions, both in the same metastable level, interact non-
radiatively so that the activator is transferred to a higher excited-state while the sensitizer
goes to a lower energy state (see Figure 1.7c). The amount of transferred energy can
be partial or total, depending on the normalized spectral overlap between the sensitizer
emission spectrum and the activator absorption spectrum, in a similar manner to the
CR phenomenon.
ETU is normally treated as parasitic eﬀect, leading to a decrease in the excited-state
population and an increase in the thermal loading of the laser host material. The latter
one is typical for Nd3+, where 4 ETUs for the 4F3/2 metastable level, were identiﬁed
[143, 124]. Due to trivalent neodymium's energetic structure (see Figure 1.6) the up-
converted activators, occupying the energy levels above the 4F3/2 manifold, are rapidly
de-excited by means of the multiphonon decay into their initial state, i.e. the 4F3/2
energy level. At the same time, the sensitizers are also quickly de-activated into the
ground-state multiplet by the same non-radiative mechanism between the 4IJ manifolds.
In this way, half of the excited ions for the metastable level, being subject of multiple
ETU processes, are lost.
Since the ETU rate depends on the excited-state population, Ne, and therefore on the
total dopant concentration, in the low intensity pump regime (Ne ≈ 0) the ﬂuorescence
decay is basically exponential. However, at non-negligible excited-state population the
total decay pattern exhibits a non-exponential character, which can be ﬁtted with an
appropriate decay model; see some of them in Section 2.4.2.
Any energy mismatches which exist between the energy levels of the sensitizer and acti-
vator can also have a phonon-assisted character, just like in case of CR mechanism.
Fluorescence quenching
Fluorescence quenching of the energy levels with increasing RE concentration occurs at
any of the aforementioned energy transfer processes, heavily aﬀecting laser performance;
typically by substantially reducing the ﬂuorescence lifetime, redistributing excited ions
into unwanted manifolds or generating additional heat by means of phonon creation, e.g.
in Nd-doped materials [126, 124], Yb-doped materials [144, 145] or Tm-doped materials
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[138].
When activator ions, being already in an excited state, receive an additional energy
via energy transfer capable of promoting them into even higher energy levels, then this
process is referred as non-linear or upconversion quenching. Moreover, the eﬀect is
predominantly evident at low luminescent content but under high pumping levels, e.g.
[146].
For metastable energy levels manifesting strong EM process, the excitation energy is
likely to be dissipated by a lattice imperfection in a low quality materials. This quench-
ing mechanism is called impurity quenching and it was observed in many Nd:YAG crystals
having elevated, i.e. >1 at.%, dopant concentration [126, 147].
The ﬂuorescence quenching manifests itself in shortening the eﬀective ﬂuorescence life-
time and in changing the ﬂuorescence intensity decay curve. For the same RE ion, e.g.
Tm3+, diﬀerent metastable levels can be aﬀected to diﬀerent degrees; in this particular
case, under low pumping intensity and wide range of dopant concentrations, the CR has
a strong impact on the 3H4 manifold, whereas the 3F4 multiplet is mildly quenched.
A somewhat similar to the ETU process, but much weaker in terms of magnitude, is
another interionic mechanism capable of quenching ﬂuorescence lifetime, i.e. coopera-
tive luminescence, which combines energy from two excited ions, that then relax from a
virtual state with emission of a single photon. This mechanism is one of the key param-
eters of ﬂuorescence self-quenching in Yb-doped media [148, 144, 149]. The origin of this
phenomenon is accounted for by RE ions clustering, a characteristic feature associated
with an increased active dopant concentration.
1.2.6 Mechanisms of upconversion in solid-state materials
Upconversion pumping of rare-earth doped lasers is an optical process whereby the wave-
length of the pumping sources is converted to a shorter wavelength. It is important
to distinguish upconversion process from SHG. Both of these methods are capable to
generate visible light, however the mechanisms are diﬀerent, namely SHG is based on
non-linear process, in which photons with the same frequency interact with a non-linear
material to generate new photons with twice the energy of the initial photons. Whereas
UC relies of resonant transitions between energy levels of RE ions.
RE-doped crystals and glasses are ideal for UC pumping due to their favourable spec-
troscopic properties, such as long lifetime of excited-states and availability of various
transitions in NIR spectral region which are easily accessed by SDLs [150]. Crystal and
glass upconversion host media exhibit distinctly diﬀerent properties in terms of RE ions
optical excitation. The latter have broadened transitions owing to disordered within the
host, which might lead to an overlapping GSA spectrum with ESA spectrum, greatly
simplifying laser setup. Thus, many UC optical ﬁbre lasers were demonstrated utiliz-
ing a single excitation source with the common wavelength for both absorptions, i.e.
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Figure 1.8: Basic mechanisms of upconversion: (a) excited-state absorption, (b)
energy-transfer upconversion and (c) photon avalanche.
λGSA = λESA, see e.g. [151, 152]. In contrast, for RE-doped crystals, the absorption
spectra are much generally narrower, due to a well-deﬁned crystalline ﬁeld surrounding
the individual active atoms. Thus, the likelihood of overlapping GSA and ESA spectra
is signiﬁcantly lower. Consequently, many upconversion RE-doped crystalline lasers are
either pumped at two diﬀerent wavelengths or rely on various mechanisms involving the
transfer of energy from neighbouring excited ions.
Three main mechanisms of upconversion can be diﬀerentiated, namely: excited-state ab-
sorption, energy-transfer upconversion and photon avalanche, as illustrated in Figure 1.8.
Comprehensive studies of these respective optical phenomena can be found elsewhere,
e.g. [153, 131]. Here, the following brief survey is given.
Excited-state absorption
Excited-state absorption (also known as two-step absorption or stepwise excitation) can
have an important eﬀect on laser performance, e.g. increasing the threshold pump power
or reducing laser eﬃciency.
The process involves two or more pump photons of either the same or diﬀerent excitation
wavelengths, which are resonant with optical transitions of active ions. ESA begins with
the absorption of a pump photon of wavelength λGSA by a RE ion in its ground-state, E0.
The ion may then be promoted directly to a metastable level, E1, or it may be excited
to a state that decays rapidly, through multiphonon or other non-radiative transition,
to this intermediate metastable level. The next step is the absorption of a second pump
photon at wavelength λESA by the already excited ion and its promotion into an upper
laser level, E2, or into a state which quickly relaxes into this energy level. Finally, the
population inversion is created between this manifold and an another positioned below.
The simpliﬁed pumping process is sketched in Figure 1.8a.
Even though only one laser photon is generated from at least two pump photons, the
potential radiative quantum eﬃciency, ηd, can be as high as 95% for Tm3+ in-band
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pumping into the 3F4 and 1G4 manifolds and laser transition terminating in the ground-
state level.
It is important to note that, for higher dopant concentrations or under GSB, interionic
processes compete with ESA, and therefore the latter is eﬀective at low ion concentration
[154]. The power dependence of upconversion luminescence in RE ion systems were
studied by Pollnau et al. [155].
To improve the understanding of the energy dynamics of UC laser systems, it is critical
to have knowledge of the appropriate transition strengths of ESA cross-sections. In this
study, the ESA transition from the 3F4 long-lived metastable energy level of various
Tm-doped crystals terminating in the 1G4 and 1D2 high-lying manifolds, as well as some
Nd-doped materials, were investigated (see Section 3.4).
Energy-transfer upconversion
Energy transfer upconversion, schematically illustrated in Figure 1.8b, is another possi-
ble way of populating an upper laser level, E2, that is higher than a single pump photon
energy. In this process, sensitizer and activator ions are excited directly to an intermedi-
ate metastable level, E1, by the GSA of two pump photons, then the sensitizer transfers
its energy to the activator to excite it to the higher energy level, E2, by means of the
ETU phenomenon.
The ions can be the same or diﬀerent species, e.g. UC emission from the 3H4 manifold
for Tm-doped materials prior to GSA pumping into the 3F4 manifold or codoping the
Yb, Tm laser system for which the three-step ETU occurs from the ytterbium 2F5/2
excited-state into the thulium 1G4 metastable level [156].
There might be a couple of ETU processes terminating in various highly excited-states,
e.g. the aforementioned ETUs from the 4F3/2 metastable level of Nd3+ resulting in emis-
sion in VIS spectrum [157].
In general and in contrary to previously described ESA eﬀect, for this particular process
the upconversion is much more eﬃcient with higher dopant concentrations [154].
Photon avalanche
The basic concept of photon avalanche (PA) mechanism is depicted in Figure 1.8c. A dis-
tinct feature of PA phenomenon is that the wavelength of a pump photon is non-resonant
with GSA spectrum of RE3+, but matches with the ESA transition occurring between an
intermediate metastable level, E1, and an upper UC laser level, E2. Initially, only very
few ions are in the intermediate metastable level, E1. Occupation of this multiplet may
be caused by weak GSA (e.g. multiphonon sideband [131]) at the pump wavelength or by
thermal distribution according to Boltzmann's law [107]. The avalanche process starts
by CR phenomenon, whereupon the ion from level E2 exchanges its energy with the ion
occupying the ground-state, E0, in the way that both ions transfer into the intermediate
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level, E1. Next, these two ions are lifted up to the upper laser level, E2, due to ESA from
level E2 induced by the pump photons. Hence, under appropriate pumping conditions,
these two photons can produce four photons, the four photons can further produce eight
photons and so on, giving rise to an avalanche of ions occupying the metastable level,
E1.
The second characteristic of this process is a threshold pump power above which the
ﬂuorescence increases by order of magnitude and the optical pump power is strongly
absorbed by the RE-doped medium. This mechanism is very diﬀerent from the ESA
and ETU processes. Because the PA relies on the CR energy-transfer, higher dopant
concentrations are needed for eﬃcient operation [158].
One major advantage of the PA process is that only one pumping source is required, res-
onant with the ESA transition. Nonetheless, in case of non-radiative pumping schemes,
a deep knowledge of potential energy-transfer processes between various manifolds, e.g.
detrimental ETU from the intermediate level or other CR transitions de-exciting the
upper laser level, is vital for optimum laser operation.
1.2.7 Planar waveguide lasers
The ﬁrst truly, well-developed laser gain media incorporating optical guidance phe-
nomenon were optical ﬁbres. Furthermore, by introducing an additional outer cladding
as a multimode pump waveguide ﬁbre structure, it was possible to greatly increase laser
output power. Lasing powers produced by optical ﬁbre lasers have increased remarkably,
by a factor of two orders of magnitude over the past decade and at a much faster rate
than their bulk crystalline counterparts [159].
The emergence of planar waveguides structures as a viable solid-state laser technology
also generates substantial interest, particularly where high power operation is signiﬁ-
cantly limited by thermal issues [160], e.g. thermal lensing, birefringence or even fracture.
The use of a waveguide geometry, even in one dimension, also allows greater pumping
intensity to be achieved. Moreover, the planar waveguide structure is the natural geo-
metric match to DPSSL [161], unlike the cylindrical form of optical ﬁbres where some
kind of beam shaping, e.g. [162] is required for eﬃcient coupling an optical pump beam
into lasing gain medium. Therefore, simple pumping schemes preserving the radiance of
an excitation source can be used to achieve high gains, making it possible to obtain laser
action even with transitions that have low emission cross-sections.
Additionally, these architectures oﬀer low lasing threshold [163] and excellent spatial
control in the guided direction.
In this thesis, ﬁve-layer planar waveguides being comparable to the DC optical ﬁbre
structure, albeit with a Cartesian rather than cylindrical coordinate system, are de-
scribed. A schematic drawing of such a planar waveguide is depicted in Figure 1.9. The
waveguide consists of outer cladding, inner cladding of a higher refractive index than
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Figure 1.9: Planar waveguide structure comprised of 5 layers and comparison
between (a) standard mode area and (b) large mode area architectures.
the outer cladding and a thin active layer doped with RE ions with the highest index of
refraction value for the pump and laser wavelengths.
Figure 1.9a illustrates a standard waveguiding structure and its corresponding large-
mode area (LMA) version (see Figure 1.9b) where the key diﬀerence is that the guided
modes are isolated from the inner cladding in the standard design, but not so for the
LMA structure. This leads to a signiﬁcantly diﬀerent mechanism for mode selection
between these two structures, namely in the planar LMA waveguide architecture the
single-mode operation is maintained by gain mode selection rather than index guiding
alone [164].
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Figure 1.10: Laser pumping schemes: (a) face-pumping, (b) end-pumping, (c)
side-pumping.
Planar waveguide lasers can be excited in three diﬀerent ways: side-, end- or face-pumped
as shown in Figure 1.10. The latter has the advantage of scalability through the area
of the pumped face but suﬀers from very low single-pass pump absorption through the
thin doped core layer [160]. In a side-pumped laser, the pump and laser optical beams
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propagate perpendicular to each other. This makes for simpler optical engineering, but
poses problems in obtaining eﬃcient fundamental mode operation due to poor overlap
between pump and laser mode. End-pumping operates with the pump and laser optical
beams propagating collinearly in the waveguide core, leading to an eﬃcient device with
the lowest laser thresholds among other planar waveguide excitation techniques [161].
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Figure 1.11: Schematic for end-pump conﬁguration: (a) top-view, (b) side-view.
A conceptual diagram of a typical waveguide end-pumping conﬁguration is shown is Fig-
ure 1.11. Each SDLB produces a high power, highly asymmetric output beam with very
poor radiance (M2xM
2
y > 1000). By using cylindrical lenses it is possible to manipulate
optical pump beams in two independent orthogonal directions.The beam divergence of
the SDLB in the fast-axis (Y-direction) is collimated by micro-optics and then focused
into the planar waveguide inner cladding. The divergence of the incident beam must be
smaller or equal to the numerical aperture of the planar waveguide to eﬃciently couple
pump power into the guiding structure [165]; e.g. in the case of sapphire/YAG the nu-
merical aperture of waveguide is about 0.46. In the slow-axis (X-direction), beam quality,
M2x , is poor due to the incoherent combination of a large number of emitters (usually
more than 10) in the direction of this axis. An afocal telescope is used to reduce the
beam size and separate the two orthogonal focal planes of the pump beam and conse-
quently match the Rayleigh range with the absorption length of the active medium. In
some cases the arrangement can be simpliﬁed by substituting cylindrical lenses fx2 and
fy with a single spherical lens.
One of the biggest advantages of PWLs is the ease of operation not only at a dominant
transition, but at much weaker transitions; this is shown in the experimental chapter of
this thesis, where laser action of the 4F3/2 → 4I15/2 transition from a Nd:YAG DC planar
waveguide laser operating at 1.8 µm has been achieved.
1.3 Prior art
One of the ﬁrst successful demonstrations of VIS upconversion laser action was achieved
in 1971 by Johnson and Guggenheim [166] using trivalent Er and Ho ions embedded into
barium yttrium ﬂuoride (BYF). It sparked a lot of interest in the research area due to
Chapter 1 Introduction 31
the prospect of emitting highly coherent radiation in visible spectral range dominated by
gas and dye lasers. Then for many years the activity in this kind of laser sources faded.
The renaissance in UC lasers has begun with the advent of high power SDLs serving as
very eﬃcient pumping sources for research conducted in the late 1980 at IBM Research
Division. Interest in this ﬁeld has been renewed by the ﬁnding of several processes to
produce visible ﬂuorescence under infrared excitation.
For the next 20 years, a large number of laser experiments have been demonstrated,
mainly utilizing Pr3+, Nd3+, Er3+ and Tm3+ ions doped with either crystal or glass
dielectric media. Table 1.1 lists up-to-date crystalline UC lasers with reported emission
wavelength below 500 nm.
Excellent historical reviews of the UC laser can be found in Risk et al. [9], Auzel [131]
or Scheps [153].
Table 1.1: Rare earth-doped upconversion lasers generating wavelengths below
500 nm.
Ion Host λp (nm) T (K) λl (nm) Output Ref.
Nd LaF 788 + 591a 20 380.1 (4D3/2 → 4I11/2) 12mW [167]
578a 20 380.1 (4D3/2 → 4I11/2) 4mW [167]
YLF 603.6c 30 413.0 (2P3/2 → 4I11/2) <10 µW [168]
Er BYF ≈790 <30 470.3 (2P3/2 → 4I13/2) unreported [169]
YLF 653.2c 16 469.7 (2P3/2 → 4I11/2) 6mW [170]
YLF ≈1500b 20 469.7 (2P3/2 → 4I11/2) 630µW [171]
Tm GLF 780 + 650a 300 453.0 (1D2 → 3F4) unreported [172]
YAG 785 + 638a 12 486.2 (1G4 → 3H6) 70µW [173]
YLF 780.8 + 648.8a 75 450.2 (1D2 → 3F4) 180µJ [174]
YLF 780.8 + 648.8a 300 453.0 (1D2 → 3F4) unreported [174]
YLF 780 + 650a 300 453.0 (1D2 → 3F4) unreported [172]
YLF 784.5 + 648a 15 450.2 (1D2 → 3F4) 9mW [175]
YLF 628.6c 26 483.0 (1G4 → 3H6) 30mW [175]
Tm:Yb YLF 780 + 650a 300 453.0 (1D2 → 3F4) 365µJ [172]
BYF 960b 300 482.0 (1G4 → 3H6) unreported [156]
BYF 960b <215 456.0 (1D2 → 3F4) unreported [156]
BYF 960b 77 347.9 (1I6 → 3F4) unreported [176]
a resonant stepwise excitation.
b energy-transfer upconversion.
c photon avalanche.
Nowadays, visible laser emission utilizing the UC phenomenon is obtainable in both CW
as well as in pulsed mode regimes with many various solid-state laser materials, i.e. crys-
tals, glasses [158, 153] and recently in highly transparent ceramics [177, 178]. At present,
the upconversion lasers are well-developed in optical ﬁbres doped with trivalent RE ions.
Many of these guiding structures are based on a special ﬂuoride glass, namely ZBLAN
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(ZrF4BaF2LaF3AlF3NaF) in which multiphonon decay rate from an upper laser level
is relatively weak due to low phonon energy of this material. In addition, single-mode
optical ﬁbres oﬀer long interaction length between active ions and optical pump beam
(potential of high optical intensities) within a RE-doped waveguide's core. Therefore, it
comes as no surprise that the ﬁrst upconversion lasers, operating at RT, were only pos-
sible in these dielectric optical waveguides. Comprehensive reviews of UC lasers based
on ZBLAN host can be found in [9, 150]. A recent publication also maps the range of
lasing wavelengths and high optical powers achieved in ZBLAN glass [179]. However, the
actual devices' performance is severely degraded by the infrared-induced photodarkening
eﬀect manifesting transmission losses as a result of absorption or scattering grow with
operating time [180].
Other glasses, commonly used for UC optical ﬁbre lasers, such as a variety of ﬂuorite,
phosphate, tellurite or silicate glasses possess high phonon energies, hence the multi-
phonon relaxation is fast enough to prevent signiﬁcant build-up of a population inversion
in an UC laser [181].
The development of bulk upconversion lasers is not as dynamic as in case of optical
ﬁbre medium. Initially, laser action was only possible at very low temperatures with
the output power rarely exceeding 100mW in CW mode. Even less output power was
generated at wavelengths below 500 nm, as can be seen in Table 1.1. This remains the
current state of the art as little signiﬁcant progress has been made.
Numerous publications only provide theoretical modelling, e.g. [182, 183] without any
reports of achievement in upconversion laser action.
Within VIS spectral range, the highest obtained optical power in solid-state UC laser
is from a bulk Er:LLF crystal generating nearly 0.5W of CW output power at 552 nm
wavelength, pumped by a nearly diﬀraction-limited OPSL at≈970 nm [184]. Nonetheless,
the optical beam quality of the laser was unreported.
The world's ﬁrst actively mode-locked visible UC optical ﬁber laser, at a wavelength of
635 nm), has been demonstrated [185]. However, to the best knowledge of the author of
this thesis, neither mode-locked nor Q-switched upconversion laser operating in purple-
blue or UV spectral range has never been reported.
Still fewer upconversion laser experiments have been conducted by using Nd3+ as the ac-
tive ion. Despite this apparent lack of attention, however, the ion is especially interesting
as it has yielded the shortest wavelength of UC lasers demonstrated to date [167].
1.4 Synopsis
Following this introduction the rest of the thesis, mainly focused on trivalent Tm and
Nd RE ions spectroscopy and laser applications, is presented as follows.
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Chapter 2 details the theory used in describing principal light interaction with matter
by means of absorption and stimulated emission and how these two are connected with
each other utilizing the reciprocity method (RM). The chapter reviews the powerful
JO theory on the intraconﬁgurational optical transitions. Some aspects of non-radiative
transitions among RE ions are underlined. Diﬀerent destructive and non-destructive ﬂu-
orescence lifetime measurement techniques are shortly reviewed and one of them, which
has been applied in the course of this study, namely pinhole method is detailed. A general
laser performance theory is developed that accounts for a double-excitation scheme in
UC lasers. A rate equation analysis of a linear set of equations in a spatially-independent
approach is given. Finally, waveguide theory, based on the zig-zag model, is covered.
Chapter 3 contains the experimental data obtained from spectroscopic investigations.
The chapter starts with a brief description of diﬀerent laser host materials studied, fol-
lowed by broadband GSA measurements of both RE ions, i.e. the absorption was carried
out within the 350 to 2000 nm spectral range. The following section includes a number
of ESA spectra measured from long-lived metastable energy levels. The last section pro-
vides information related to the ﬂuorescence lifetime decay of the 3F4 manifold of Tm3+
embedded into various crystals.
Chapter 4 presents experimental results corresponding to end-pumping conﬁgurations
for CW PWLs operating near 2 microns spectral range.
Chapter 5 introduces preliminary results and considerations related to sequential pump-
ing utilizing GSA and ESA as an eﬃcient approach for excitation of high-lying metastable
energy levels. The laser gain analysis, based on prior determined spectroscopic quanti-
ties, is given for Tm-doped materials. Furthermore, characterization of pump sources,
followed by consideration of laser optics for the UC lasers emitting in UV and purple-blue
light, is given.
Chapter 6 presents conclusions and outlook for future work.

Chapter 2
Modelling theory
2.1 Introduction
This chapter presents some of the theoretical aspects underlying the experimental data
and modelling of laser performance. It gives the necessary understanding of the physical
phenomena developed in the later parts of this work.
Firstly, a brief description of light interaction with matter by means of resonant absorp-
tion and emission transitions, supported by various theoretical models, such as Judd-
Ofelt (JO) theory or reciprocity method (RM), are given. Principles of absorption from
already excited rare earth (RE) ions is presented, to cover the experimental results
included in the next chapter of this thesis. The knowledge of values of transition cross-
sections allows the estimate of the gain of the laser medium and to compare it with
expected cavity losses, checking if the laser threshold condition is favourable in the in-
vestigated crystals.
Fluorescence lifetime of metastable energy levels is of particular importance for many
laser dynamic features, thus a short review of available measurement techniques is given
with emphasis on the pinhole method [186].
In this chapter, waveguide theory of asymmetrical single-clad (SC) guides is reviewed,
allowing to calculate fundamental quantities of such structures, e.g. size of the funda-
mental mode, intensity proﬁles of guided modes or conﬁnement factors. The formulae
are used to predict waveguides' behaviour in the experimental chapter (see Chapter 4).
Finally, set of spatially-independent rate equations describing dynamics of Tm3+ ion for
low doping concentrations is advanced.
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2.2 Relationship between absorption and stimulated emis-
sion cross-sections
Ground-state absorption (GSA) measurements provide useful data about a given laser
material. It reveals, for example, which wavelengths see the highest absorption or
the breadth of the absorption linewidth, which in turn determines the choice of pump
diodes to be used. This information is pivotal for the engineering and construction of
upconversion (UC) diode-pumped solid-state lasers (DPSSLs), where high RE ion exci-
tation is required for eﬃcient laser performance. Useful parameters that can be inferred
from GSA measurements include the saturation intensities for pump and laser radiation
with knowledge of energy state lifetime as well as the optimum resonator design, spatial
pumping conﬁguration and gain geometry.
The most common procedure for obtaining GSA spectrum is as follows. First, using a
spectrophotometer an optical density (OD)1 is measured
OD(λ) = − log It(λ)
I0(λ)
(2.1)
where It is the transmitted optical intensity passing through a bulk sample and I0 is
the incident optical intensity. At low incident optical intensity, which is valid in a spec-
trophotometer experiment, the transmitted optical intensity follows the Beer-Lambert
law [109]
It(λ) = exp (−σabs(λ)Ntotlc) (2.2)
where σabs is the eﬀective absorption cross-section, lc is the crystal length and Ntot is
the total dopant concentration. Substituting Equation 2.2 into Equation 2.1 yields the
expression
σabs(λ) =
2.303OD(λ)
Ntotlc
(2.3)
Due to the fact that samples did not have anti-reﬂective (AR) coatings, it was neces-
sary to correct for Fresnel reﬂection from both surfaces in order to normalized the whole
spectrum. That could be done in either of two ways, namely by removing the theoretical
Fresnel reﬂection (as calculated from the knowledge of refractive indices) or by ﬁtting a
nonlinear baseline function (as determined outside of absorption spectral region of inter-
est) in order to subtract it from the transmittance. The latter method is faster, does not
require exact values of refractive indices over the broad spectrum range and takes into
account scattering eﬀects, hence it was utilized in the following analyses.
For crystals possessing natural birefringence, polarized absorption spectra were mea-
sured. For that purpose Glan-Thompson polarizers were introduced into the absorption
setup and aligned to the crystallographic axes of such optical crystals.
1In spectroscopy also called absorbance.
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The emission cross-section (ECS) can be determined in a few diﬀerent ways, namely by
the RM, from the FüchtbauerLadenburg (F-L) relation or from the measurement of
small signal gain [107]. No measurements of small signal gain were made in this study,
hence only the ﬁrst two methods are considered.
Experimentally, the inter-Stark ﬂuorescence branching ratio, β(J ; J ′)*, is deﬁned on a
photon basis as the fraction of the total ﬂuorescence going into a given transition [187]
resulting in multiple inter-Stark emission lines
β(J ; J ′)* =
Number of photons emitted into jth emission line
Total number of radiated photons
=
∫
λIj(λ) dλ∑
j
∫
λIj(λ) dλ
(2.4)
The stimulated ECS is calculated on the basis of the Einstein A coeﬃcient, namely
σSE =
λ2
8pin2
g(ν)A (2.5)
where g(ν) is the spectral lineshape function, which peak value depends on the spectral
full width at half maximum (FWHM) bandwidth, ∆ν, and broadening mechanism, i.e.
homogeneous or inhomogeneous
gH(ν) =
2
pi∆ν
homogeneous broadening (2.6a)
gI(ν) =
2
∆ν
√
ln 2
pi
inhomogeneous broadening (2.6b)
Therefore, if the spectral lineshape function and total transition rate at a particular
transition is known, then the inter-Stark cross-section can be obtained via Equation 2.5.
In certain cases the total transition rate can also be obtained experimentally by noting
that the inter-Stark ﬂuorescence branching ratio can be expressed in terms of the radia-
tive lifetime by substituting Equation 2.28 into Equation 2.29, as explained in the next
section
β(J ; J ′)* = AτR (2.7)
and rearrangement yields
A =
β(J ; J ′)*
τR
(2.8)
Due to the fact that the measured ﬂuorescence emission originates (theoretically) from
all Stark energy levels within an excited-state, a correction factor needs to introduced
into the total transition rate [188]
A =
[
1 + exp
(
∆EJ
kBT
)]
β(J ; J ′)*
τR
(2.9)
where ∆EJ is the energy diﬀerence between the highest and the lowest Stark levels of
the J th manifold from which the ﬂuorescence radiates.
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To sum up, the peak values of the inter-Stark stimulated emission cross-section can be
experimentally evaluated with the aid of the following expression
σSE =
λ2 g(ν)
8pin2τR
[
1 + exp
(
∆EJ
kBT
)]
β(J ; J ′)* (2.10)
2.2.1 Reciprocity method
At room temperature (RT), the reciprocity method (RM) typically provides accurate
account of ECS spectrum, as all the Stark levels of the ground-state manifold are occupied
by ions (thermally distributed), hence the absorption can be detected throughout the
whole manifold range. The reciprocity method is an accurate and powerful technique
for deriving the emission cross-sections for crystals [189, 190, 191] as well as for glasses
[192, 193] if the energy sublevels are well-identiﬁed.
For the purpose of this thesis the RM was used exclusively and, where possible, compared
with published values. The procedure is straightforward, it requires knowledge of the
crystal's Stark levels positions as well as the absorption cross-section spectra, then the
expression for calculating the ECS is as follows [189]
σSE(ν) = σabs(ν)
Zl
Zu
exp
(
Ezl − hν
kBT
)
(2.11)
where Zl and Zu are the partition functions of the lower and upper manifolds, respectively
and Ezl is the zero-line energy, i.e. the energy separation between the lowest Stark levels
of the upper and lower manifolds. The partition function can be calculated from
Z =
∑
k
dk exp
(−Ek
kBT
)
(2.12)
where dk is the degeneracy of a Stark energetic level of the sublevel energy Ek. However,
it might be that not all Stark levels have been precisely resolved, especially for relatively
new crystalline hosts. In that case, one can either identify all of the energy level posi-
tions through elaborate experiments, e.g. [194], or simply rescale the partition function
according to [189]
Z(calc)×
(
number levels expected
number levels observed
)
= Z(scaled) (2.13)
Another possibility is to take the missing values from theoretical calculations based on
the JO analysis.
Due to interest in visible light (VIS) and ultraviolet (UV) radiation generation, the
RM has been applied to the 1G4 and 1D2 manifolds of Tm3+ from which the desired
emission is to be generated. The results are presented in the experimental chapter (see
Section 3.5).
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2.2.2 FüchtbauerLadenburg relation
This method is sometimes referred as β− τ method [190, 195]. The approach, applicable
for transitions with ﬁnite spectral linewidth [192], is based on the relationship between
Einstein A and B coeﬃcients linking absorption and stimulated emission cross-sections.
The most general form of F-L representing transitions only between two energy levels is
written as
d1
∫
ν2σabs(ν)dν = d2
∫
ν2σSE(ν)dν (2.14)
Equation 2.14 is valid for RE ions only if one of two conditions is met, namely: all compo-
nents of the two levels are equally populated or all the transitions have the same strength
of oscillation. Nonetheless, these requirements are not well-satisﬁed for RE-doped glasses
where deviations between reported values and estimated from above equation are sig-
niﬁcant [150]. The main discrepancy is related to inherent splitting of energy levels
(typically 200 to 400 cm=1 [150]) meaning that, at RT where kBT ≈ 210 cm−1, the ions
are not equally distributed within individual energy levels. Moreover, the energy split-
ting in optical crystals in even greater leading to more distinctive transitions between
Stark levels compared to glass materials [121]. Therefore, Equation 2.14 results in poor
predictions for RE ions embedded into solid-state materials.
A diﬀerent approach was undertaken to tackle the above misusage [195], where the
authors obtained spectral stimulated ECS as a continuous function of wavelength without
curve ﬁtting to determine lineshape parameters or individual branching ratios. The ﬁnal
formula that allows the ECS to be derived from measurement of the spectral ﬂuorescence
intensity per wavelength interval, I(λ), and ﬂuorescence lifetime, τﬂ, is given by
σSE(λ) =
ηq λ
5 I(λ)
8picn(λ)2τﬂ
∫
I(λ′)λ′ dλ′
(2.15)
where ηq is the radiative quantum eﬃciency of the initial state.
2.3 Judd-Ofelt analysis
The model of intraconﬁgurational (4fn ↔ 4fn) transitions of RE ions is outlined in this
section along with some essential formulae based on JO theory applicable to RE-doped
media. Detailed description can be found in many textbooks and scientiﬁc publications,
e.g. [9, 121, 196, 119].
Observed optical spectra of RE ions in crystals are associated mainly with electric dipole
(ED) transitions, but contributions from magnetic dipole (MD) transitions usually occur
in infrared (IR) spectrum [190, 197]. Impact of electric-quadrupole transitions in RE ion
spectra is negligible due to their oscillator strengths being several magnitudes below the
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observed (experimental) oscillator strengths [118]. Therefore, only electric and magnetic
dipole transitions are considered.
Although it is possible to obtain transition intensities between Stark energy levels, this is
more diﬃcult and it will not be performed in this study. Additionally, the hypersensitive
transitions are not considered in this thesis.
The intensity of MD transitions are in the ﬁrst approximation independent of the ligand
environment. The exact calculations is not shown here, but estimated from previous
spectroscopic studies values. On the other hand, the ED transitions require far more
complex calculations and knowledge.
In 1962 independently Judd [198] and Ofelt [199] developed the theoretical background
for the calculation of the induced electric dipole matrix elements, commonly referred as
Judd-Ofelt theory. In short, the manifold to manifold electric and magnetic line strength2
for a transition between the initial J manifold |4fn[SL]J〉 to the terminal J′ manifold
|4fn[S′L′]J ′〉 is given by3
StED(J ; J
′) =
∑
λ=2,4,6
Ωλ
∣∣∣〈4fn[SL]J‖Uλ‖4fn[S′L′]J ′〉∣∣∣2 (2.16a)
StMD(J ; J
′) =
(
h
4pimec
)2 ∣∣〈4fn[SL]J‖L+ 2S‖4fn[S′L′]J ′〉∣∣2 (2.16b)
where h is the Planck constant, me is the electron mass, c is the speed of light in vacuum,
Ωλ (λ = 2, 4, 6) are set of phenomenological JO intensity parameters, ||Uλ|| is the electric
dipole doubly reduced matrix elements of the unit tensor operator of the rank (λ = 2, 4, 6)
and ||L+2S‖| is the reduced matrix elements of magnetic dipole transitions. For brevity,
the squared reduced matrix elements are abbreviated as |〈Uλ〉|2 and |〈M〉|2, respectively.
These quantities are host-independent and are obtainable from the literature, e.g. in an
aqueous solution [197] or in lanthanum ﬂuoride (LaF) [200].
The total dipole line strength of some transitions having both ED and MD contributions
is simply expressed as
Sttot(J ; J
′) = StED(J ; J
′) + StMD(J ; J
′) (2.17)
2The term line strength has a distinctive description by means of an average interaction strengths
between two manifolds, which are consisted of multiple Stark energy levels. It is deﬁned as the squared
matrix element of the dipole operator (electric or magnetic). Furthermore, the line strength is symmet-
rical with respect to absorption and emission. By common practice, the line strengths are expressed in
m2, although according to the International System (SI) of Units they ought to be expressed in C2m2
and A2m4 for electric dipole and magnetic dipole, respectively. Nonetheless, for the consistency with
published data, the line strengths in this thesis are given in 10=20 cm2.
3In the majority of publications related to the JO theory the equation might deviate from the ones
given in this thesis due to diﬀerence in deﬁnition of the elementary charge, e. Some authors use the
statcoulomb, statC, unit in the centimetregramsecond (cgs) system of units to deﬁne the elementary
charge; 1 C = 3× 10−9 statC. Hereafter, all the expressions are given in the SI units, unless otherwise
stated. In order to convert one quantity into another the following transformation applies
e (in cgs units) = e (in SI units)/
√
4pi0
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The integration of the absorption cross-section spectra can be utilized to determine the
manifold to manifold electric dipole experimental line strength, SmED(J ; J
′), between two
investigated manifolds J → J ′. It can be used for the GSA, as well as for excited-state
absorption (ESA) measurements. The expression is as follows
SmED(J ; J
′) =
30hc (2J + 1)
2pi2e2λ¯
9n¯
(n¯2 + 2)2
Γ¯ (2.18)
where J is the total angular momentum quantum number of the initial manifold given by
Russell-Saunders term symbol, 2S+1LJ, n¯ is the average refractive index and λ¯ is the mean
wavelength estimated from the ﬁrst moment of the measured absorption cross-section
λ¯ =
∫
λσabs(λ) dλ∫
σabs(λ) dλ
(2.19)
Γ¯ represents integrated eﬀective absorption cross-section. In case of an isotropic material
this quantity is computed as
Γ¯ =
∫
J→J ′
σabs(λ) dλ (2.20)
Next, it is assumed that the observed line strengths are derived from electric dipole and
magnetic dipole transitions, so that they are calculated by comparing with theoretical
line strengths written with the aid the phenomenological JO intensity parameters, i.e.
Ωλ. To solve a linear system of equations set in matrix notation, the following matrix
algebra is employed [143]
Ω = (Aᵀ A)−1Aᵀ SmED (2.21)
where A is the array of unit tensor operators (|〈Uλ〉|2 vectors) and SmED is the measured
electric dipole experimental line strength vector. A measure of the accuracy of the ﬁt is
expressed by the absolute root mean squared (RMS) deviation
∆SabsRMS =
√√√√ 1
q − p
q∑
i=1
(SmED(J ; J
′)− StED(J ; J ′))2 (2.22)
or the relative RMS
∆SrelRMS =
√√√√ 1
q − p
q∑
i=1
(SmED(J ; J
′)− StED(J ; J ′))2
SmED(J ; J
′)
(2.23)
where q is the number of transitions used in the ﬁtting, p = 3 is the number of adjustable
parameters, i.e. number of the JO intensity parameters Ωλ.
One of the biggest collection of the JO intensity parameters can be found in Kaminskii's
book [121]. The spectroscopic quality factor, X = Ω4/Ω6, is an excellent indicator for
stimulated emission in a laser host medium, whereas the Ω2 highlights covalency of the
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ligand bond [119].
The absorption, GSA as well as ESA, oscillator strengths are expressed as
fabsED (J ; J
′) =
8pi2mec
3h
1
(2J + 1)λ¯
(n¯2 + 2)2
9n¯
StED(J ; J
′) (2.24a)
fabsMD(J ; J
′) =
8pi2mec
3h
1
(2J + 1) λ¯
n¯StMD(J ; J
′) (2.24b)
The total dipole absorption oscillator strength is
fabstot (J ; J
′) = fabsED (J ; J
′) + fabsMD(J ; J
′) (2.25)
In case of dipole emission oscillator strengths, the corresponding quantities must be
multiplied by n¯2, namely
f emED(J ; J
′) = n¯2fabsED (J ; J
′) (2.26a)
f emMD(J ; J
′) = n¯2fabsMD(J ; J
′) (2.26b)
Once the JO intensity parameters are determined, they can be used to calculate other
quantities, e.g. total transition rates, intermanifold A(J ; J ′) of excited-states, including
both ED and MD contributions.
A(J ; J ′) =
16pi3e2
30h (2J + 1)λ¯3
[
n(n2 + 2)2
9
StED(J ; J
′) + n3StMD(J ; J
′)
]
(2.27)
Next, the radiative lifetime, τR, can be estimated as the inverted sum of all the possible
transition rates from an upper manifold into lower lying manifolds
1
τR
=
∑
J ′
A(J ; J ′) (2.28)
The intermanifold ﬂuorescence branching ratio, β(J ; J ′), from an initial J manifold to a
terminal J ′ manifold is deﬁned as
β(J ; J ′) =
A(J ; J ′)∑
J ′
A(J ; J ′)
(2.29)
For a ﬂuorescence originating from one excited level above the ground-state manifold,
e.g. the 3F4 → 3H6 transition of Tm3+ ion, the intermanifold branching ratio is (by
deﬁnition) unity and the radiative lifetime is simply the inversion of intermanifold total
transition rate.
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2.4 Non-radiative transitions
Optical transitions of RE ions embedded into solid-state materials compete with various
non-radiative transitions induced by the surrounding matrix. Sometimes, non-radiative
decay results in the complete ﬂuorescence quenching of such active impurities and there-
fore it is necessary to have a priori knowledge to ensure that the energy level of interest
is optically active.
2.4.1 Multiphonon relaxation rate
This subsection describes multiphonon transitions, where the energy gap between ad-
jacent electronic states is larger than the maximum phonon energy of the host matrix
vibrations, i.e. larger than the cut-oﬀ phonon energy. A comprehensive review related
to this subject can be found elsewhere, e.g. [201, 202].
When the energy separation between an excited state and the next lower state increases,
the number of phonons required to bridge that gap also increases and consequently the
multiphonon decay rate, WMPR, decreases exponentially. A simpliﬁed model has been
developed by Riseberg and Moos [203] based on the orbit-lattice perturbation theory
whereby the multiphonon decay rate is given by the phenomenological dependence [204]
WMPR = CMPR exp (−αMPR∆E)
{
1 +
[
exp
(
ωco
kBT
)
− 1
]−1}∆E/ωco
(2.30)
where ∆E is the energy gap between the lowest Stark level of an excited state and the
highest Stark level of the next lower state, ωco is the phonon's cut-oﬀ optical frequency
of the material, CMPR and αMPR are material-dependent parameters found by ﬁtting the
experimental dependence ofWMPR and ∆E. One of the assumptions in this model is that
only phonons with a single frequency are involved in the non-radiative transition, i.e. the
cut-oﬀ frequency of optical vibrations in a crystal, see e.g. [201, 203, 205]. Albeit, the
published data sets not always follow this rule, see Kaminskii's book [121], and therefore
this quantity must come along with the two others parameters (T and ωco), unless stated
diﬀerently.
2.4.2 Energy transfer processes in solid-state materials
The interaction Hamiltonian of two atoms, HAB, consists of two terms, namely direct and
exchange. Both terms can be interpreted as interactions between charge distributions;
in the case of the direct term these distributions are localized at the sites of the atoms,
whereas for the exchange term the two distributions are strongly aﬀected by the distance
between the atoms [154]. If the interaction Hamiltonian is known, then the transition
probability, WAB, can be established from WAB = 〈|HAB|〉2.
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In general, the interactions can be separated into three distinct groups, i.e. multipolar
electric interaction, multipolar magnetic interaction and exchange interaction. The mul-
tipolar magnetic interactions play a negligible role in energy transfer processes, being
≈4.5× 10=9 weaker than electric counterpart interactions [154], and therefore they will
not be considered hereafter.
After pulsed excitation of a crystal sample, the excitation temporal dynamics for the
sensitizers and acceptors spreads into diﬀerent relaxation mechanisms. Initially, the sen-
sitizer ions are lifted from the ground-state into their excited state from where the energy
is radiatively emitted, or non-radiatively transferred to the nearest sensitizers (energy
migration) and acceptors (generalized sensitization); the same processes are attributed
to acceptor ions, however the energy transfer from acceptor to sensitizer is commonly
referred as back-transfer. To the best knowledge of the author of this thesis, the analyt-
ical solutions including all of the aforementioned non-radiative eﬀects have never been
obtained [154, 206, 207].
The groundbreaking Förster's publication [208] has given the ﬁrst elaborated description
of the energy transfer understanding, supported by fundamental relations. At that early
stage, only the sensitizer-activator mechanism via electric dipole-dipole interaction was
analysed. A few years later, Dexter expanded Förster's theory to include multipolar
interactions and exchange interactions, to account energy transfer between the same
species, i.e. sensitizer-sensitizer. The rate of the energy transfer between a sensitizer ion
and an activator ion, WSA, depends on the separation between the ions, RSA = |~rS−~rA|.
WSA =
Cd-d
R6SA
+
Cd-q
R8SA
+
Cq-q
R10SA
+ · · · (2.31)
where Cd-d is the microparameter for dipole-dipole coupling, Cd-q is the microparam-
eter for dipole-quadrupole coupling and Cq-q is the microparameter for quadrupole-
quadrupole coupling. Interaction rates decline rapidly with increasing distance and,
usually, the ﬁrst term in Equation 2.31 dominates. The simpliﬁed form of Equation 2.31
now reads
WSA =
Cd-d
R6SA
=
1
τ0
(
R0
RSA
)6
(2.32)
where τ0 is the intrinsic ﬂuorescence lifetime and R0 is the separation between the two
ions at which the energy transfer rate is equal to the decay rate of the sensitizer alone.
It must be pointed out that, the latter quantity is not constant, but it is concentration-
dependent. The critical energy transfer distance can be theoretically evaluated from
[209, 137]
R0 =
3nηq
64pi5CA
∫
λ6gS(λ)gA(λ)dλ
∫
(1/λ2)σA(λ)dλ (2.33)
where CA and σA are the concentration and absorption coeﬃcients of the activator,
Chapter 2 Modelling theory 45
respectively and the g functions are the normalized4 emission and absorption data.
The microscopic parameter (sensitizer-sensitizer or sensitizer-activator) of Equation 2.32
is
Cd-d =
R0
τ0
(2.34)
In 1965, Inokuti and Hirayama [210] introduced, for the ﬁrst time, luminescence decay
function including the microparameter for sensitizer-activator energy transfer as a func-
tion of the activator concentration. In case of negligible interaction between sensitizer
ions, this approach allows analysis of the experimental data in a quantitative manner by
means of obtaining the intrinsic ﬂuorescence lifetime and the intermolecular exchange
interaction, as can be found in vast number of scientiﬁc publications, e.g. [211, 137, 212].
The decay of the luminescence intensity is expressed as
I(t) = I(0) exp
[
− t
τ0
− Γ
(
1− 3
s
)
NS
C0
(
t
τ0
)3/s]
(2.35)
where Γ(x) is the gamma function evaluated in x, and s parameter is 6, 8 or 10 corre-
sponding to dipole-dipole, dipole-quadrupole or quadrupole-quadrupole energy transfer,
respectively. The value of gamma function is 1.772, 1.435 and 1.298 for the above in-
teractions, respectively. C0 is the critical concentration. For the electric dipole-dipole
interaction only (s = 6) the critical concentration relates to the critical energy transfer
distance, R0
C0 =
3
4piR30
(2.36)
and consequently Equation 2.35 simpliﬁes to
I(t) = I(0) exp
(
− t
τ0
− γ√t
)
(2.37a)
γ =
4
3
pi3/2NA
√
CSA (2.37b)
The eﬃciency of energy transfer, ηET, is given by [210]
ηET = 1− τ−10
∫ ∞
0
I(t)
I(0)
dt (2.38)
Nonetheless, the above model was criticised for its assumption of an even distribution of
activator sites around the sensitizers and an exclusion of sensitizer-sensitizer interactions
[213]. Therefore it can be inferred that the theory is valid for systems having high active
centre concentrations, but under the condition of negligible interionic processes among
sensitizer ions.
4 ∫
gS(λ)dλ =
∫
gA(λ)dλ ≡ 1
46 Chapter 2 Modelling theory
In concentrated solid-state materials, the excitation is however mobile and therefore
imposing another diﬃculty in the microscopic transition probability. This eﬀect of
migration-assisted energy transfer has been proposed by Yokota and Tanimoto as a
diﬀusion process [214]. The luminescence decay expression as a function of diﬀusion
constant including the sensitizer-sensitizer energy migration (EM) and the sensitizer-
activator energy transfer was obtained by using the method of the Padé approximants
[214, 215]
I(t) = I(0) exp
[
− t
τ0
− 4pi
3/2R30NA
3
(
t
τ0
)1/2(1 + 10.87x+ 15.50x2
1 + 8.743x
)3/4]
(2.39)
where
x =
τ0
2R0
(
16pi2N2S t
9τ0
)2/3
CSS (2.40)
Under the immobile conditions, Kushida [216] obtained the average energy rates, W¯SA,
for several energy transfer processes involving, i.e. resonance energy transfer, cooperative
sensitization and cooperative luminescence. His approach is based on the tensor operator
method (the same as the JO theory) and approximation of the square matrix element
by its average
W¯SA =
1
(2JS + 1)(2JA + 1)
2he4
3R6SA
×
∑
λ=2,4,6
ΩS,λ
∣∣∣〈4fnJS‖Uλ‖4fnJS'〉∣∣∣2
×
∑
λ=2,4,6
ΩA,λ
∣∣∣〈4fnJA‖Uλ‖4fnJA'〉∣∣∣2 SSA
(2.41)
where J 's are the total angular momentum quantum numbers of the manifolds for the
sensitizer and activator ions, and SSA is the average overlap integral of the individual
transitions, i.e. S → S' and A → A'.
The lack of sensitizer-sensitizer interactions in the Inokuti-Hirayama's model was sup-
plemented in 1972 by Burshtein [217]. He claimed that concentration quenching is not
necessarily diﬀusion but may proceed by a hopping mechanism. The step length of the
excitation migration over sensitizers is approximately the mean distance between them.
It is assumed that the excitation approaches activators by a single jump instead of the
sequence of small jumps which constitute the diﬀusion. It was checked on a variety of
RE ions in solids and used in spectroscopical studies of active laser media to conﬁrm its
validity. Considering the dipole-dipole interactions, the luminescence intensity decay of
an excited state can be expressed as
I(t) = I(0) exp
(
− t
τ0
− γ√t− W¯ t
)
(2.42)
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where W¯ is the ensemble-averaged migration-assisted energy transfer probability [207]
given by
W¯ = pi
(
2pi
3
)5/2√
C¯SS ¯CSANSNA (2.43)
For the macroscopic de-excitation rate, applicable to rate equation modelling, it is conve-
nient to introduce an energy transfer coeﬃcient (either upconversion or cross-relaxation),
kUC or kCR, closely related to the W¯ quantity [135]
ki =
Ntot
NSNA
W¯ (2.44)
Therefore, the energy transfer rates now reads
kUC =pi
(
2pi
3
)5/2√
CUCSS C
UC
SA Ntot (2.45a)
kCR =pi
(
2pi
3
)5/2√
CCRSS C
CR
SANtot (2.45b)
In 1977 Zusman [218] revised Burshtein model including the kinetics of luminescence
damping in the entire time scale for an arbitrary multipole interaction of the sensitizers
with the activators by means of the ensemble-averaged migration-assisted energy transfer
probability, W¯ .
Nevertheless, all the above models suﬀer from limiting approximation of linear kinetics
between sensitizers and activators of diﬀerent species, as it was proven by Grant [219].
Although, it is possible to describe the interactions between the same RE ions, e.g. self-
quenching of Nd3+ occupying the 4F3/2 metastable level by means of energy-transfer
upconversion (ETU) [126, 220], as long as ground-state bleaching (GSB) is excluded
from the analysis; therefore, the system is referred to as linear. One of the earliest ideas
of handling the non-linear nature of the ETU was introduction of a time-independent,
averaged transition probability parameter, kUC. The rate equation for the temporal
dynamics of excited-state population density, N(t), can be conveniently written as
dN(t)
dt
= −dN(t)
τ0
− 2kUCN2(t) (2.46)
The solution of the above equation has the following form
N(t) =
N(0) exp (−t/τ0)
1 + 2kUCN(0)τ0 [1− exp (−t/τ0)] (2.47)
Grant's model assumes an inﬁnitely fast EM, failing description of kinetics among sen-
sitizers just after their excitation from the ground-state level. Despite this minor draw-
back, the model is the most widespread used rate equations' approach dealing with ETU
mechanisms, because under favourable conditions it can reﬂect accurately the population
densities; see the next analytical solution.
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So far, the most comprehensive analytical solution for the kinetics of non-linear lumines-
cence quenching, with a special emphasis on ETU, in solid-state laser material was pre-
sented by Zubenko et al. [136]. The authors examined static, hopping and kinetic-limited
regimes of UC for ﬁnite excitation lifetime. The decay kinetics of excited sensitizers, in
the hopping regime of migration-assisted energy transfer, after excitation with a short
pulse was considered to be identical to Zusman's model. However, the additional relation
from Grant's theory was implemented, resulting in the following equations
δf(r, t)
δt
= −W (r)f(r, t)− 1
τh
f(r, t) +
1
τh
(2.48a)
F (t) =
∫ ∞
0
W (r)f(r, t)4pir2dr (2.48b)
dN(t)
dt
= −N(t)
τ0
− F (t)N2(t) (2.48c)
where f(r, t) is the probability that an excited sensitizer did not transfer its energy dur-
ing the time period t to an activator at the distance r, F (t) is the non-linear quenching
rate related to the ETU mechanism introduced in Grant's model,W (r) is the probability
of sensitizer-activator interaction (W (r) = CSA/rs, where s is the multipolarity factor
of interaction; s = 6, 8, 10, . . . ) and τ−1h is the most probable rate of excitation hop to
non-excited sensitizer.
The solution of the system of Equation 2.48 is non-trivial and for dipole-dipole interac-
tion, has the following form
N(t) = N(0) exp (−t/τ0)/{
1+N(0)τ0(2pi
2/3)
√
CSA/τh
[√
1+τh/τ0 erf
√
t(1/τ0+1/τh)−exp(−t/τ0) erf (
√
t/τh)
]}
(2.49)
where erf(x) is the error function5. In the same article, Zubenko and coworkers considered
various relations between τ0, τh and the rate of sensitizer-activator interaction at the
minimum distance, τSAmin, quantities. One of the most important outcomes found was
for inﬁnitely fast migration (τ−1h → ∞), for which the quenching rate, F (t), becomes
time-independent value, given by [207]
F (t) = 2kUC =
2pi2
3
√
CSA
τ0
(2.50)
With the F (t) parameter deﬁned in this way, the solution to Equation 2.49 is identical
to that provided by Grant (see Equation 2.47) for the steady-state condition.
5The error function, also called the Gauss error function, is deﬁned as
erf(x) =
2√
pi
∫ x
0
exp (−t2)dt
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Up to now, many other theories, especially based on Förster, Dexter and Inokuti-
Hirayama (see an annotated bibliography from 1990 [221]), have evolved. For the scope
of this thesis dedicated to trivalent thulium and neodymium RE ions, the most rele-
vant following models can be exempliﬁed. Tkachuk et al. [138] argued that the Dexter
theory is not fully applicable to RE ions because of a weak overlap between absorption
and emission spectra and therefore the authors used the method of model calculations in
order to derive microparameters of migration and self-quenching processes in Tm:YLF
crystals. Barnes et al. [139] reﬁned the Dexter's approach by implementing full quan-
tum mechanical model describing energy transfer dynamics pertinent to Ho:Tm lasers,
therefore avoiding any approximations valid for a liquid or a glass laser material.
The exact solution to the co-doped crystalline materials has been proposed by Vega-
Durán et al. [206] incorporating lattice sites coordinates. Due to the complexity of the
ﬁtting function to the normalized macroscopic sensitizer emission, no simple expression
was given, though. Only a numerical code, speciﬁcallyMonte Carlo simulations, success-
fully implemented for the case of Nd3+ luminescence [222, 223]. Nonetheless, despite the
neat formulation of this model, it did not gain much attraction by judging the number
of citations for that article.
2.4.3 Total decay rate
At a speciﬁc ambient temperature, the total decay rate,Wtot, of ions being in an excited-
state energy level and relaxing radiatively and non-radiatively via various pathways (e.g.
undergoing multiphonon decay), is deﬁned as
Wtot = WR +WNR +WMPR (2.51)
In general, the above equation, is written in terms of time constants, namely
1
τﬂ
=
1
τR
+WNR +WMPR (2.52)
An important implication of Equation 2.52 is that, at negligible multiphonon decay rate
and low active dopant content, the intrinsic ﬂuorescence lifetime approaches radiative
lifetime, i.e. τ0 → τR. However, due to ﬁnite energy gap separation between an upper and
one below it manifolds, the radiative lifetime includes downward multiphonon transitions.
If the WMPR can be calculated (see, e.g. Figure 3.1), then the intrinsic ﬂuorescence
lifetime, τ0, is derived from the following relation
1
τ0
=
1
τR
+WMPR (2.53)
Substituting Equation 2.53 into Equation 2.52 one obtains
1
τﬂ
=
1
τ0
+WNR (2.54)
50 Chapter 2 Modelling theory
Therefore, the intrinsic ﬂuorescence lifetime is an eﬀective, temperature-dependent, mea-
surable quantity; see, e.g. excited-state dynamics of the 3H4 manifold of Tm3+ ions [137].
As already explained, the energy transfer aﬀecting the amplitude and shape of lumines-
cence decay curve is either cross-relaxation (CR) or ETU or mixture of both processes.
2.5 Fluorescence lifetime
From a spectroscopic point of view, knowledge of exact value of ﬂuorescence lifetime,
τﬂ, enables the calculation of absolute ECS via F-L relation (see Subsection 2.2.2).
The product of the peak emission cross-section and ﬂuorescence lifetime, σSE × τﬂ, is
a good guideline of gain materials for the same RE ions embedded into various dielectric
hosts. Furthermore, this quantity is required for understanding laser dynamic behaviour
e.g. rate equation modelling, optical resonator design or calculating the threshold pump
power.
The radiation trapping phenomenon occurs in the lengthening of observed ﬂuorescence
lifetime in optical materials having a signiﬁcant overlap between absorption and emis-
sion spectra in the same wavelength regime. Thus, this eﬀect is expected to be the most
pronounced in three-level and quasi-three-level laser media, as it is in case of 2F5/2 in
Yb3+, 4I13/2 in Er3+ and 5I7 in Ho3+ energy levels, but also in the investigated herein
3F4 in Tm3+ RE ion. For all the aforementioned RE ions, their energy levels are the ﬁrst
excited manifolds for which optical transitions end up in their ground-state manifolds
where the ﬂuorescent photons can undergo a series of reabsorption-reemission events.
In the transition metal ruby laser, Auzel and Baldacchini [224] have reported the self-
trapping phenomena, in bulk material, in terms of Cr3+ concentration, where measured
lifetime ranged from 4 to 13ms. In case of moderate doping levels associated with RE
ions doping, there are not such extremes, coincidentally.
An illustrative example of a concentration-dependent radiation trapping eﬀect in ytter-
bium, erbium and holmium RE ions embedded into the same host material, i.e. yttrium
oxide (YO), can be found in Laversenne et al. work [225].
A key factor enhancing radiation trapping is a relatively high refractive index of a laser
host, leading to the total internal reﬂection (TIR). This eﬀect may signiﬁcantly lengthen
an average path of a photon created inside a gain medium and consequently increase
probability of its reabsorption. The TIR occurs for each optical beam travelling inside a
laser material, with a certain refractive index, and for an incident angle greater than a
critical angle, φc
φc = arcsin
(
1
n
)
(2.55)
The above equation is valid under assumption that the optical beam escapes into the air.
Another, related on refractive index, quantity is the Fresnel reﬂection at the material-air
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interface causing that part of the outgoing beam is backreﬂected into the sample if any
extra AR layer is applied onto its surface.
One method to eliminate TIR and reabsorption eﬀects is to use ﬁne powder of a ground
laser material immersed in refractive index-matching liquid. The particles should be
smaller than the order of the absorption length, otherwise the suppression would not
be enough [226]. Theoretically, the refractive index-matching ﬂuid should have similar
index of refraction as the powder, however for many optical crystals n ≥ 1.8 (see the
investigated Tm-doped materials in Table 3.14) and thus the ﬂuids above this value are
toxic [227]. Other demonstration of Laversenne et al. work [225] was a comparison of the
ﬂuorescence lifetime of a crystal ﬁbre (13ms) with its powder equivalent (10ms). This
destructive measurement method seems to be eﬃcient technique, provided one can have
an extra piece of identical material under investigation.
Another obscuring ﬂuorescence lifetime reading parameter is related to the sample's
geometry and collecting ﬂuorescence apparatus. For instance, measured ﬂuorescence
lifetime of Er3+-doped lithium niobate (LNB) slab was evidently dependent on a position
from where ﬂuorescence signal was collected [228].
Other destructive and non-destructive experimental techniques utilized to measure ﬂu-
orescence lifetime of RE-doped solid-state materials are vast and in this thesis only a
few of them are mentioned. And so, for a very thin samples (hundreds of micrometres)
a simpliﬁed pinhole method can be used as presented in Kühn's et al. article [229].
Sumida and Fan [230] have demonstrated how to eliminate TIR eﬀect by sandwiching a
thin slab of doped crystal between two the same undoped materials. Hehlen [231] has
devised a glass sphere ﬁlled with a refractive index-matched ﬂuid and a sample under
investigation formed into a cube. Kisialiou [232] converted from the semiconductor area
so-called method of transient gratings, where two interfering optical beams of a pulsed
laser at the absorption wavelength excite active ions embedded into a laser crystal.
For non-single exponential decay proﬁles the average ﬂuorescence lifetime, τavg, can be
deﬁned as following [233]
τavg =
∫ ∞
0
tI(t)∫ ∞
0
I(t)
(2.56)
where I(t) is the emission spectrum intensity recorded at time t.
2.5.1 Pinhole method
A detailed description of the theoretical model, can be found in Toci's work [234, 235].
Here, only the essential formulae and explanations related to measurement of the 3F4
ﬂuorescence lifetime in Tm-doped media are provided.
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The experiment should be conducted under low excitation, in order to avoid interaction
between ions in excited-states [236, 237].
The main assumption of this theory is the spatial division of the sample region of interest
into two distinct regions from where the ﬂuorescence signal is collected by a detector.
One of the regions is directly illuminated by an excitation source, whereas the other
is not. Additionally, RE ions contained in both volumes are excited by reabsorption
occurring from the emission of other ions. It is assumed that these regions are treated
separately without any direct dependence between them, therefore two individual ion
populations are considered.
After a pulse excitation, the directly illuminated, ND(t), and indirectly, NI(t), popula-
tions of the 3F4 manifold undergo the following decay
ND(t) =
N0
2
[(
1 +
ΦI,I − ΦD,D
∆
)
exp
(
t
τf
)
+
(
1− ΦI,I − ΦD,D
∆
)
exp
(
t
τs
)]
(2.57a)
NI(t) =
N0ΦI,D
∆
[
exp
(
t
τs
)
− exp
(
t
τf
)]
(2.57b)
whereN0 is the population density in the directly illuminated region, i.e. ND(t = 0) = N0
and consequently NI(t = 0) = 0, whereas
∆ =
√
(ΦI,I − ΦD,D)2 + 4ΦI,DΦD,I (2.58)
where Φ's are the four spatial coupling coeﬃcients [234], which values depend on a sample
geometry, material property and illumination conﬁguration, and
τf =
[
1
τﬂ
− WR
2
(ΦI,I − ΦD,D −∆)
]−1
(2.59a)
τs =
[
1
τﬂ
− WR
2
(ΦI,I − ΦD,D + ∆)
]−1
(2.59b)
where WR is the radiative decay rate.
At this point is should be noted that, the pinhole measurement technique does not pro-
vide intrinsic ﬂuorescence lifetime values, but eﬀective ﬂuorescence lifetime deprived of
artiﬁcial inﬂuence of the radiation trapping eﬀect (see Equation 2.54). This is due to
the fact that this technique deals only with radiative transition, as can be seen in Equa-
tion 2.59, whereas the non-radiative transitions shorten intrinsic ﬂuorescence lifetime.
One of the possibility of estimating a true intrinsic ﬂuorescence lifetime is by ﬁtting the
radiation trapping-free decay curve with one of the applicable luminescence decay models
reviewed in the previous section (see Section 2.4). In a special case, when non-radiative
transitions can be ruled out, then the τﬂ is replaced by the intrinsic ﬂuorescence lifetime,
τ0. Notwithstanding, this assumption is valid for low dopant concentrations where inte-
rionic processes do not have signiﬁcant meaning.
Hereafter, the subscripts f and s correspond to the fast τf and slow τs time constants,
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respectively. Due to the radiation trapping phenomenon, the above time quantities are
longer that the actual ﬂuorescence lifetime.
Owing to the complexity of exact determination of the spatial coupling coeﬃcient, Φ's,
given in Equation 2.59, Toci used the following assumptions. First of all, in a weakly
doped material a ﬂuorescent photon has a higher probability of being totally internally
reﬂected than being reabsorbed or emitted out from a medium [237]. This simpliﬁcation
modiﬁes the coupling coeﬃcients by introducing an extra term into the probability G(ρ)
that the photon emitted at ~r′ is absorbed at ~r
G(ρ) = − 1
4piρ2
∂T
∂ρ
+
ct
Vs
(
ρ = |~r′ − ~r|
)
(2.60)
where Vs is the sample volume, ct is the fraction of the emission being trapped inside a
medium and T (ρ) is the wavelength average transmission over a distance ρ given by
T (ρ) =
∫
Pe(λ) exp [−αabs(λ)ρ] dλ (2.61)
where Pe(λ) is the emission probability and αabs(λ) is the ground-state absorption coef-
ﬁcient at wavelength λ. The emission probability is normalized, namely
∫
Pe(λ) dλ = 1.
Moreover, the exact ﬂuorescence emission spectrum is not required. The reasons for
this phenomenon are twofold. Firstly, the shape is aﬀected by reabsorption at shorter
wavelengths, especially pronounced at higher dopant concentrations where the spectrum
seems to have stronger cross-sections at longer wavelengths. Secondly, if one knows the
unperturbed emission cross-section spectrum, then it would be possible to determine the
ﬂuorescence lifetime from the F-L relation (see Subsection 2.2.2). Consequently, this
simpliﬁcation allows the separation of G(ρ) into a short range coupling part, i.e. 1/ρ2
factor and a long range coupling term ct/Vt.
The second assumption related to calculation of the spatial coupling coeﬃcient is that
for each emission wavelength αabs(λ)ρ  1 (see Equation 2.61) and so the T (ρ) can be
approximated by 1 − α¯eρ, where α¯e is the average absorption coeﬃcient over emission
spectrum deﬁned as follows
α¯e = Ntot
∫
Pe(λ)σGSA(λ) dλ (2.62)
where Ntot is the total dopant concentration of RE-doped material.
The next assumption allows to greatly reduce the coupling coeﬃcients by introducing
the average distances between emission and absorption points within the volumes in the
directly and indirectly excited regions, 〈p¯〉D and 〈p¯〉I, respectively. Toci et al. [236]
pointed out that when the pinhole radius rD is smaller than a sample thickness then
〈p¯〉D ≈ rph, whereas 〈p¯〉I is of the order of the length of the smaller dimension of the
sample. The above considerations yield a situation where τf from Equation 2.59a can be
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approximated by the following expression
τf =
(
1
τ0
−WRrph
)−1
(2.63)
Whereas τs is roughly independent of the pinhole radius rph [234].
Hence, the simpliﬁed ﬂuorescence decay signal collected by a detector is given by
I(t) ∝ A exp
(−t
τf
)
+B exp
(−t
τs
)
(2.64)
The relative weights, A and B, of Equation 2.64 incorporate information related to exci-
tation and collection scheme, sample's geometry and pinhole radius. They are obtained
from non-linear ﬁtting of investigated ﬂuorescence signal.
To sum up, the double exponential behaviour of the measured ﬂuorescence decay trace
originates from the coupling function G(~r′−~r) given in Equation 2.60, where two distinct
terms have an impact either for long or short range coupling.
2.6 Excited-state absorption
Measurement of ESA is a powerful tool for the comprehensive material study of highly
placed energetic states. Often referred to as pump-probe technique [186], the ESA mea-
surements have been extensively studied for major lasing RE ions. Either pump or probe
optical beams can be operated in pulsed or continuous wave (CW) regime. Addition-
ally, in order to discriminate spectrally overlapping ESA transitions from diﬀerent initial
starting levels, a variety of methods can be applied, such as pump modulation frequency
[238, 239], time-resolved [240, 241] or phase-sensitive detection [239, 242].
The pump-probe technique for determining the ESA cross-section depends on the mea-
surement of small variations in a weak probe signal caused by the change in the number
of ions in the ground-state when the crystal is pumped with respect to its unpumped
condition. In the latter case for an optical intensity lower than the saturation intensity,
the probe signal follows the Beer-Lambert law (see also Equation 2.2)
Iuprobe = I0 exp(−σGSANtotlc) (2.65)
Whereas, the transmitted probe intensity of a pumped sample, Ipprobe, is
Ipprobe = I0 exp
[
−σGSA(Ntot −Ne)lc +
∑
i
Ni(σSE,i − σESA,i)lc
]
(2.66)
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where Ne is the excited ion density from ground-state level, Ni is the number of excited
ions in the ith energy level, σSE,i is the ECS of the ith manifold and σESA,i is the excited-
state absorption cross-section from the ith excited energy level. The above equations
are converted into a simple expression based upon experimentally measured values from
two coupled lock-in ampliﬁers (LIAs), conﬁgured to compare the probe signal with and
without a pump exciting ions out of the ground-state. That is the respective signals from
a probe LIA, Iprobe, and pump LIA, Idiﬀ, follow [186]
Idiﬀ
Iprobe
= NelcALIA
[
σGSA +
∑
i
Ni
Ne
(σSE,i − σESA,i)
]
(2.67)
where ALIA is the probe lock-in ampliﬁer ampliﬁcation factor.
In order to calibrate the measured spectra for absolute values, the scaling factor NelcALIA
is obtained from measurement of spectral region where there is only GSA and neither
ESA nor ECS contributions [1].
2.7 Laser gain analysis
Once the eﬀective absorption and stimulated emission cross-sections at a particular wave-
length are known, they can be used to determine the available gain (at a speciﬁc doping
concentration) within the laser material [243]. In the simplest case, involving just two
energy levels i.e. with ion density in lower Nl and upper Nu manifolds, an equation for
a small signal gain is deﬁned as
gss(λ) = σSE(λ)Nu − σabs(λ)Nl (2.68)
The above equation is valid as long as an optical intensity of signal is small enough so
that it does not have a signiﬁcant impact on the population inversion. Otherwise, the
gain coeﬃcient should be redeﬁned including the saturation intensity, Isat, parameter
g(λ) =
gss(λ)
1 + I/Isat
(2.69)
In general, the aspect of the gain saturation eﬀect has been well-described in many
textbooks, see e.g. Siegman [107] or Silfvast [244].
For convenience, Equation 2.68 can be expressed in more compact form, namely
gss(λ) = σg(λ)Ntot (2.70)
where σg is the net gain cross-section given by
σg(λ) = σSE(λ)
Nu
Ntot
− σabs(λ) Nl
Ntot
(2.71)
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Assuming that the terminal laser level is in the ground-state manifold, another simpliﬁ-
cation can be done
σg(λ) = βNσSE(λ)− (1− βN)σabs(λ) (2.72)
where βN is the population inversion rate; βN = Nu/Ntot. In this way one can quickly
visualise what inversion level is needed for obtaining laser threshold (see, e.g. Figure 3
in Ermeneux et al. [245] or Figure 24 in Petrov et al. [246]).
In a four-level laser gain medium it can be inferred that the Equation 2.72 is further
simpliﬁed due to lack of reabsorption at the laser wavelength. This assumption is valid
for negligible interionic processes, no parasitic lasing and minor ampliﬁed spontaneous
emission (ASE) impact. Thus
σg(λ) = βN σSE(λ) (2.73a)
gss(λ) = σSE(λ)Nu (2.73b)
The focus of this thesis is, however, on upconversion excitation mechanisms, in particu-
lar sequential pump absorption (GSA and ESA). Therefore one must take into account
at least one more manifold from which a second pump wavelength excites ions into a
high-lying metastable energy level. For neodymium and thulium RE ions such energy
reservoirs, having the longest ﬂuorescence lifetime, are the 4F3/2 and 3F4 manifolds, re-
spectively. Furthermore, other energy levels capable of storing meaningful excited ion
populations should also be considered; particulary in case of Tm3+ to excite transitions
which originate from the 1D2 upper laser level which radiative lifetime is much shorter
than the radiative lifetime of the adjacent position below 1G4 manifold. Equally impor-
tant is assumption that absorption bands (GSA and ESAs) do not overlap with each
other with a speciﬁc spectral range. This is valid for most of Tm3+ transitions, which
are reasonably separated from each other (see absorption spectra of this RE ion in Chap-
ter 3).
At this point, two types of laser transition can be diﬀerentiated, namely: terminating in
the ground-state level and terminating in an energy level with a none negligible lifetime
(longer than the upper laser level). An example of the latter case is the 1D2 → 3F4 tran-
sition in Tm3+, where the terminal laser level, 3F4, is above the ground-state manifold
and has substantially longer ﬂuorescence lifetime than the initial laser level, 1D2. These
two types are dealt separately.
For the transitions terminating in the ground-state level, according to conservation of
atom concentrations the number of ions in all manifolds per unit volume must be equal
to the total doping concentration, Ntot, of the laser medium
Ntot = Nl +Nu +Nr (2.74)
where the Nr is the rest of excited ion density stored in neither lower nor upper laser
levels. For this particular laser transition the Nl is simply a density of unexcited ions
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from the ground-state level; Nl = NGS. For convenience, Equation 2.74 is divided by
Ntot to get fractional ion densities in examined manifolds
nl + nu + nr = 1 (2.75)
Substituting Equation 2.75 into Equation 2.72 gives the net gain cross-section deﬁned as
σg(λ) = (1− nl − nr)σSE(λ)− nlσabs(λ) (2.76)
The aim of the next step is to show the inﬂuence of the ratio of ions in the upper laser
level to all other ions (excluding those in the ground-state) on the gain coeﬃcient value,
taking into account the number of ions excited from the ground-state. That ratio nu/nr
is denoted by ΓU-R
ΓU-R =
nu
nr
(2.77)
Rearrangement of Equation 2.76 yields
σg(λ) =
ΓU-R(1− nl)
1 + ΓU-R
σSE(λ)− nlσGSA(λ) (2.78)
Therefore, the net gain cross-section for the transitions terminating in the ground-state
level is a function of the fractional ion density in a lower laser level (or fractional unexcited
ion density) and ratio of ions in an upper laser level to all other excited ions
σg = f(nl,ΓU-R) (2.79)
If nu  nr then the small signal gain is reduced to its simplest form given by Equa-
tion 2.68. Otherwise, the small signal gain is computed from relation given by Equa-
tion 2.70, i.e. product of total dopant concentration and net gain cross-section.
The modelling of the transitions not terminating in the ground-state requires fundamen-
tal redevelopment of the presented above approach. First of all, Nl 6= NGS and therefore
the conservation of atom concentrations now reads
Ntot = Nl +Nu +Nr +NGS (2.80)
and more convenient formula of fractional ion densities (see Equation 2.75) is now given
by
nl + nu + nr + nGS = 1 (2.81)
Secondly, a practical variable of the net gain cross-section is fractional ion density in
the ground-state level and excited ion density stored in neither lower nor upper laser
levels, i.e. nGS + nr, which indicates fractional ion density being responsible for the
laser transition; nl + nu = 1 − (nGS + nr). It should be noted that, for the transitions
terminating in the 3F4 manifold, e.g. 1D2 → 3F4, the majority of Tm ions not directly
taking part in the laser transition will occupy the ground-state level rather than any other
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excited energy state. Thus, in most of considered cases in this thesis, the approximation
of nr ≈ 0 can be applied for the modelling purpose.
Finally, a ratio nu/nl is introduced in order to establish a relation between the manifolds
directly responsible for the laser transition. The ratio is denoted by ΓU-L
ΓU-L =
nu
nl
(2.82)
The net gain cross-section for the transitions terminating in an energy level with a none
negligible lifetime is a function of the above quantities
σg = f(nGS + nr,ΓU-L) (2.83)
speciﬁcally
σg(λ) =
1− (nGS + nr)
1 + ΓU-L
[ΓU-LσSE(λ)− σESA(λ)] (2.84)
From Equation 2.84 it can be inferred that high excitation densities of the ground-state
manifold are required for higher values of the net gain cross-sections.
These two types of laser transition are shown in Figure 2.1 and modelled in the Upcon-
version chapter (see Section 5.3).
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Figure 2.1: Simpliﬁed energy level diagram of trivalent thulium ion showing laser
transitions terminating in the: (a) ground-state level, (b) energy level with the
3F4 none negligible lifetime.
The minimum requirement for laser threshold is that the gain is exactly equal to the
round-trip cavity loss (e.g. propagation loss, optical coating losses and power transmis-
sion through the optical cavity mirrors). The aim therefore is to ﬁnd a laser material
which provides enough gain to overcome typical total round-trip cavity losses. Assuming
a simple optical cavity (that is particulary relevant to the typical PWL conﬁguration)
consisting of two laser mirrors where one of them is perfectly reﬂective (100% reﬂectiv-
ity), the steady-state condition can thus be written as follows
exp[2(gth − γ)lc]Roc ≡ 1 (2.85)
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Rearranging the above gives
gth = γ − ln(Roc)
2lc
(2.86)
where Roc is the output coupler (OC) reﬂectivity and γ is the propagation loss coeﬃcient
(per unit length).
The gain threshold coeﬃcient given in Equation 2.86 can also be expressed in a logarith-
mic instead of linear scale which is more practical for an engineering prospective. To ﬁnd
the logarithmic round-trip gain coeﬃcient threshold form of Equation 2.85, the following
transformations applies6
gdBth = 10 log(exp(2gthlc)) ≈ 8.69 gth (2.87)
γdB = 10 log
(
1
Roc
exp(2γlc)
)
≈ 8.69
(
γ − ln(Roc)
2lc
)
(2.88)
Now, the new steady-state condition for laser threshold is deﬁned as when the round-trip
gain per unit length, gdBth , equals the total round-trip loss coeﬃcient expressed in dB per
unit length, γdB. As can be seen from the above equations, the main drivers of achieving
the laser threshold are propagation loss, output coupler reﬂectivity and crystal length.
The optimization of these three quantities is critical and challenging, as they also aﬀect
the laser performance in terms of slope eﬃciency or threshold pump power.
When a gain medium is pumped above a threshold, the small signal gain must remain
clamped at the level of the cavity losses in the steady-state condition. The additional
optical pumping power above threshold goes into increasing the laser output power with
a speciﬁc slope eﬃciency.
By deﬁnition, the laser slope eﬃciency, with respect to absorbed pump power for both
quasi-three-level and four-level lasers, is given by [108]
ηs =
dPl
dPp
(2.89)
In a weak coupling approximation, where the output coupler reﬂectivity is greater than
≈70% and the round-trip cavity loss is relatively low (usually Ltot  1), the following
equation can be used in order to determine the laser slope eﬃciency [135]
ηs =
λp
λl
Toc
Toc + Ltot
ηabs (2.90)
where Ltot is the round-trip cavity loss, ηabs is the fractional single-pass absorbed pump
power, Toc is the output coupler transmission, λp and λl are the pump and laser wave-
lengths, respectively. The above equation does not include quantities related to overlap
between the pump and laser optical beams or the quantum yield, which can be found in
the literature, e.g. [247, 248]. The round-trip cavity loss (dimensionless quantity) is a
6
10 log[exp(a)] ≈ 4.343a
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total sum of the propagation loss, Lp, and any additional loss from optical elements, La,
e.g. lenses, polarizers or uncoated surfaces
Ltot = Lp + La (2.91)
where Lp is given by
Lp = 1− exp(−2γlc) (2.92)
Equation 2.88 and Equation 2.90 depend on the same parameters, namely Roc, lc and γ,
thus it can be checked for a relation between gain coeﬃcient at laser threshold value and
slope eﬃciency. For convenience, the relation can be expressed in terms of the absorbed
power, i.e. fractional single-pass absorbed pump power and radiative quantum eﬃciency
quantities are neglected, simplifying Equation 2.90 into
η′s =
Roc − 1
ln(Roc(1− Ltot)) (2.93)
Therefore, the typical range of propagation loss coeﬃcient spanning 0.025 cm=1 for low-
loss crystals [165] up to 0.1 cm=1 and crystal lengths from 0.5 to 2 cm was chosen for
further analysis. This allows determination of the gdBth , excluding reabsorption loss and
any other additional loss, for the most favourable and the worst conditions. And so,
considering a cavity output coupler reﬂectivity (Roc between 70 to 90%), for the lowest
propagation loss and the highest output coupler reﬂectivity the gain coeﬃcient at laser
threshold value is 0.57 dB cm=1 (or 0.14 cm=1 in linear scale), whereas for the highest
propagation loss and the lowest output coupler reﬂectivity the gain coeﬃcient at laser
threshold value is 3.29 dB cm=1 (or 1.13 cm=1).
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Figure 2.2: Total round-trip loss coeﬃcient expressed in dB per crystal length,
γdB, and modiﬁed slope eﬃciency, ηs', as a function of crystal length, lc, propa-
gation loss coeﬃcient, γ, and output coupler reﬂectivity, Roc.
The most important feature of the graph presented in Figure 2.2 is that, smaller output
coupler reﬂectivity enables higher slope eﬃciency. However, for the same output mirror,
higher laser gain is required to achieve laser threshold (in order to compensate for the
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round-trip cavity loss). Figure 2.2 gives a useful guide for selecting the output coupler
reﬂectivity and crystal length in the case of small round-trip gains, typical for UC lasers.
The above round-trip gain values are compared with derived values obtained from spec-
troscopy measurements. The results and analysis are presented in Chapter 5.
In order to achieve more accurate analysis of the slope eﬃciency of a homogenous laser
with arbitrary round-trip gain, the Rigrod analysis [249, 107] should be applied.
The threshold pump power of longitudinally pumped quasi-three-level lasers, exhibiting
reabsorption loss and spatial pump and laser beam distributions, have been comprehen-
sively studied by Risk [250, 251]. In the same year, Clarkson and Hanna [248] expanded
the analysis into account of the eﬀect of non-uniform pump and laser beam proﬁle and
guided structures as well. Here, only the ﬁnal expression is given, and so
Ppth =
pihc
√
(wl0x)
2 + (wp0x)
2
√
(wl0y)
2 + (wp0y)
2(Ltot + Toc + Lr)
4λpτﬂηabs(σabs + σSE)
(2.94)
where Lr is the reabsorption loss (dimensionless quantity) at a laser wavelength, ex-
pressed by
Lr = 2Ntotσabslc (2.95)
The fractional single-pass absorbed pump power, ηabs, depends on pumping conﬁgura-
tion, namely single- or double-pass
ηabs = (1−Ric)(1− exp (−αabslc)) (single-pass) (2.96a)
ηabs ≈ (1−Ric)[1− (1−Roc) exp (−αabslc)]
(1−Ric)2Roc exp (−2αabslc)
(double-pass) (2.96b)
The optical beam waists, wi0, of the pump and laser (assigned by i = p and l superscripts)
are given for orthogonal directions, i.e. x and y, in case of asymmetrical proﬁles.
2.8 Waveguide theory
2.8.1 Slab dielectric waveguide
The guiding eﬀect of electromagnetic waves is a well-known phenomenon and its princi-
ples are covered in many textbooks dedicated to optical waveguides, e.g. [252, 253, 254].
Therefore, in this section only a brief description of such structures is given. The analysis
is limited to a waveguide consisting of three isotropic dielectric layers:
 core having thickness tw and refractive index nco,
 clad semi-inﬁnite and refractive index ncl,
 substrate semi-inﬁnite and refractive index ns.
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It is assumed that nco > ncl, ns, thus the TIR occurs at each interface, as shown in
Figure 2.3.
core (film)  nco
substrate  ns
clad  ncl
tw
x
z
y
Figure 2.3: Slab dielectric waveguide.
The following derivation of equations is based on the zig-zag analytical solution of the
phase front reconstruction7, travelling along z-direction. For the waves in the waveguide's
core constructively interfering, the transverse resonance condition appears
2kncotw cos θ − 2Φclad − 2Φsub = 2pim (m = 0, 1, 2 . . . ) (2.97)
where the phases Φclad and Φsub represent the GoosHänchen shifts at core-clad and
core-substrate interfaces, respectively.
To analyse waveguide's stable modal solutions, i.e. formation of guided modes, some
parameters that are typically deﬁned, include: the normalized frequency of a step-index
waveguide, Vnorm, calculated using
Vnorm =
2pi tw
λ
√
n2co + n
2
s (2.98)
Then, the normalized propagation constant, bprop, is given by [254]
bprop =
n2eﬀ − n2s
n2co − n2s
(2.99)
where neﬀ is the eﬀective refractive index of waveguide's core that is conﬁned between
the refractive indices of core and substrate, i.e. ns ≤ neﬀ ≤ nco. In other words,
the normalized propagation constant must be 0 ≤ bprop ≤ 1 in order to satisfy the
guiding condition. Additionally, the eﬀective refractive index of waveguide's core is
mode-dependent because both transverse electric (TE) and transverse magnetic (TM)
waves experience diﬀerent reﬂection and refraction [252].
7Interchangeably referred as the ray analysis.
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Next, for asymmetrical structures, i.e. when ncl 6= ns, the asymmetry measure, aas, is
aas =
n2s − n2cl
n2co − n2s
(2.100)
Having the above deﬁned quantities, namely Vnorm, bprop and aas, the transverse reso-
nance condition from Equation 2.97 can be rewritten as
Vnorm
√
1− bprop = mpi + arctan
√
bprop
1− bprop + arctan
√
bprop + aas
1− bprop (2.101)
for TE modes, and
Vnorm
√
1− bprop = mpi + arctan
(
n2co
n2s
√
bprop
1− bprop
)
+ arctan
(
n2co
n2cl
√
bprop + aas
1− bprop
)
(2.102)
for TM modes.
The above equations, i.e. Equation 2.101 and Equation 2.102 are solved by numerical
methods [255, 254]. Once the values of normalized propagation constant are found, they
are used to calculate another set of wavenumbers [254], namely
κ =
√
k2n2co − β2prop (2.103a)
σ =
√
β2prop − k2n2cl (2.103b)
ξ =
√
β2prop − k2n2s (2.103c)
where k is the wavenumber and βprop is the propagation constant. The relation between
these two quantities is as follows
βprop = kneﬀ (2.104)
Finally, considering the fact that the guided modes are conﬁned in the core and expo-
nentially decay in the clad and substrate regions, the electric ﬁeld (TE) and magnetic
ﬁeld (TM) distributions are expressed as
Ex = Hx = A

cos (κtw/2− φ) exp [−σ (y − tw/2)] (y > tw/2),
cos (κy − φ) (y ≤ |tw/2)|,
cos (κtw/2 + φ) exp [ξ (y + tw/2)] (y < −tw/2).
(2.105)
where the phase shift, φ, for the electric ﬁeld is deﬁned as
φTE =
mpi
2
+
1
2
arctan
(
ξ
κ
)
− 1
2
arctan
(σ
κ
)
(2.106)
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whereas for the magnetic ﬁeld the phase shift is modiﬁed to be
φTM =
mpi
2
+
1
2
arctan
(
n2co
n2s
ξ
κ
)
− 1
2
arctan
(
n2co
n2cl
σ
κ
)
(2.107)
The above equations yield the same values as online solver for optical dielectric multilayer
slab waveguides with 1D cross-sections [256].
The eﬀective waveguide thickness which includes mode penetration depth related to the
GoosHänchen phenomenon is deﬁned for the TE modes as
tTE = tw + 1/ξ + 1/σ (2.108)
For the TM modes, the above equation must be modiﬁed [255]
tTM = tw + 1/ξ
′ + 1/σ′ (2.109)
where the modiﬁed wavenumbers, ξ′ and σ′ are given by
ξ′ =
(
n2eﬀ
n2s
+
n2eﬀ
n2co
− 1
)
ξ (2.110a)
σ′ =
(
n2eﬀ
n2cl
+
n2eﬀ
n2co
− 1
)
σ (2.110b)
The conﬁnement factor, Γco, is deﬁned as ratio of time-average power in the waveguide's
core (ﬁlm) to the total time-average power [255]
Γco =
tw +
σ
κ2 + σ2
+
ξ
κ2 + ξ2
tTE
(2.111)
for the TE modes, and
Γco =
tw +
σ′
κ2 + (σ′)2
+
ξ′
κ2 + (ξ′)2
tTM
(2.112)
for the TM modes. In the same manner, the remaining two conﬁnement factors, i.e. in
the waveguide's substrate and clad regions, can be calculated
Γcl =
1
σ
− σ
κ2 + σ2
tTE
(2.113a)
Γs =
1
ξ
− ξ
κ2 + ξ2
tTE
(2.113b)
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for the TE modes, and
Γcl =
1
σ′
− σ
′
κ2 + (σ′)2
tTM
(2.114a)
Γs =
1
ξ′
− ξ
′
κ2 + (ξ′)2
tTM
(2.114b)
for the TM modes. For the simplicity of further analysis, the conﬁnement factors are
polarization-average, e.g. the conﬁnement factor yields
Γavgco =
ΓTEco + Γ
TM
co
2
(2.115)
Another important waveguide parameter is the numerical aperture, NA
NA =
√
nco2 − ncl2 (2.116)
For eﬃcient end-pumping excitation of a waveguide having step-index proﬁle two ap-
proaches are considered. The ﬁrst optimum solution of the mode matching technique
is applicable to waveguides operating at the fundamental (or low number) transverse
mode, conceptually identical as in case of single-mode optical ﬁbres, see e.g. [255, 253].
Noteworthy, for a highly asymmetric waveguide structures, such as air-clad epitaxial
ﬁlms, the evanescent electric ﬁeld of the fundamental mode penetrates more into the
substrate region than the clad, resulting in a shifted and distorted Gaussian intensity
electric ﬁeld. Consequently, the mode matching is diminished. The second approach
concerns poor quality optical pump beam coupling into a double-clad (DC) waveguide
inner clad, rather than directly into an active area. In this particular instance, the pump
and laser modes do not need to be mode matched, however a restriction due to beam
quality factor in the guided direction must obey the approximated relation [257]
M2y ≤
NAcl tw
λp
(2.117)
where tw is the inner clad thickness of a DC waveguide and the NAcl is calculated with
the aid of Equation 2.116 with respect to inner, nincl , and outer, n
out
cl , clads.
The problem of determining the normalized propagation constants in anisotropic waveg-
uides is more complicated than for isotropic waveguides due to orientation of the principal
optical axiss of the guiding core (ﬁlm). In uniaxial or biaxial structures the decoupled
TE and TM modes appear only when a principal optical axis is perpendicular to the
plane of incidence in all three regions of the slab dielectric waveguide [258]. Otherwise,
the modes are hybrid rather than pure TE and TM modes. The analytical approach still
can be valid provided that the principal optical axiss are aligned with the coordinate sys-
tem of the waveguide, in so-called de-coupled orientations, see e.g. Ramaswamy (zig-zag
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wave analysis) [259, 260], Knoesen et al. (hybrid guided modes in uniaxial waveguides)
[261], Maldonado and Gaylord (hybrid guided modes in biaxial waveguides) [258] and
Yamamoto et al. (Rayleigh-Ritz variational technique) [262].
The analytical solution, presented above, works well for uniform optical waveguides, how-
ever in most cases these structures may suﬀer from anisotropy, bends, inhomogeneities
due to fabrication tolerances and material losses that aﬀect their modal properties.
Therefore, various numerical techniques have been developed for the modelling of optical
waveguides, of diﬀerent complexity and application, that treat the whole electromagnetic
ﬁeld. Such mode solvers based on numerical techniques includes [263, 264]: ﬁnite ele-
ment method (FEM), ﬁnite diﬀerence method (FDM), transfer-matrix method (TMM),
integral-equation method (IEM) and many others.
2.8.2 Loss measurement techniques
Light travelling through an optical waveguide undergoes loss (attenuation). Generally
speaking, the optical loss is attributed to three diﬀerent mechanisms [265]: scattering,
absorption and radiation. Absorption loss dominates in semiconductors due to optical
and interband transitions, as well as by free carriers. Radiation loss is crucial for bent
guide structures. In terms of scattering loss in optical waveguides, its mechanism is di-
vided into two types, namely volume scattering and surface scattering. Both phenomena
have diﬀerent origins and implications, therefore a number of methods have been devised
to tackle them by means of material properties, waveguide geometry or anticipated loss
level.
A short review of loss measurement techniques can be found in Grivas' article [266].
In this thesis, two of them were applied to investigate the loss quantity of the planar
waveguide lasers (PWLs).
Transmission method This non-destructive method is one of the simples loss mea-
surement techniques, although some prerequisites must be fulﬁlled. In case of a RE-doped
core (ﬁlm), the wavelength of probe optical beam must be outside of absorption band of
the active centre.. Because the optical beam is longitudinally coupled in and out of the
optical waveguide therefore the end-facets of the waveguide must be optically polished.
The unabsorbed probe intensity, exiting the guide, is given by
It = I0ηin(1−R)2 exp (−γlc) (2.118)
where ηin is the launch eﬃciency of optical probe beam into the guiding region, R is
the eﬀective (polarized or polarization-average) Fresnel reﬂectance from one waveguide's
end-facet and lc is the crystal length. The propagation loss coeﬃcient can be easily
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calculated from Equation 2.118
γ = − ln
(
It
I0ηin(1−R)2
)
/lc (2.119)
Streak decay method This technique was devised by Okamura et al. [267, 268]. It
is more suitable for optical waveguides having moderate-to-high losses (of the order of
100 dB cm=1) [266]. The loss is determined by measuring the light streak scattered out
of the top of optical waveguide after being longitudinally launched into one of the end-
faces. The light intensity proﬁle along the streak is detected by a scientiﬁc camera, either
charge-coupled device (CCD) or complementary metaloxidesemiconductor (CMOS).
The experimental setup is shown in Figure 2.4. If the scattering centres are homoge-
HeNe laser
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fcyl
z
y
P Camera
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Figure 2.4: Experimental setup for measuring the propagation loss coeﬃcient
of optical waveguides utilizing a diﬀraction-limited HeNe laser (632.8 nm) as a
probe light. The optical beam is collimated in the unguided direction (x-axis).
The scattered light is reimaged into a scientiﬁc camera due to a spherical lens
above the waveguide surface. Abbreviations are as follows: P - polarizer, HWP
- half-wave plate, MM - metal mirror and PW - planar waveguide.
neously distributed, then the propagation loss coeﬃcient is extracted from the Beer-
Lambert decay law
I(z) = I(0) exp (−γz) (2.120)
where I(0) is the light intensity coupled into the guide.
2.9 Plane wave rate equations
The rate equation theory is a powerful tool for estimating the dynamics of energy level
populations in laser gain media including CW, pulsed operation or spiking phenomenon.
It is the limiting case of the semiclassical theory for short coherence decay times, based
upon simple conservation arguments. Sets of rate equations are typically the ﬁrst ap-
proach towards modelling kinetics of active elements.
A system of spatially-independent rate equations for the 1G4 → 3H6 laser transition of
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Tm3+, incorporating dual-wavelength excitation scheme, is derived with some approx-
imations to obtain a simple model neglecting any interionic processes among optically
active ions. Thus, the modelling is applicable for small doping concentrations, where all
the light-matter interactions have strictly linear dependence. The analysis given for this
particular case can be further expanded to include other potential upconversion conﬁg-
urations, e.g. 1D2 → 3H6. A detailed investigation of these approaches, including Nd3+,
can be found in dedicated chapter of this thesis (see Section 5.2).
In general, the rate equations have to be solved for diﬀerent positions within the gain
medium, as the optical intensities depend on both the longitudinal and transverse coor-
dinates. However, due to substantial complexity of modelling spatially-dependent optical
pump and laser distributions, for which the guiding nature of the optical waveguide in
one axis needs to be accounted for, the following analysis assumes constant quantities
along an imaginary gain medium. The model will be reﬁned in the future.
The microscopic parameters (transition cross-sections, energy level lifetimes and branch-
ing ratios) are either known, can be estimated (e.g. with the aid of the JO theory or
molecular dynamic simulations [269]) or can be neglected due to their small impact on
the overall laser performance.
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Figure 2.5: Energy level diagram for Tm3+. Double-excitation scheme (GSA
and ESA) promotes active ions into the upper laser level, 1G4, from where
laser transition down to the ground-state level accompanied with spontaneous
emissions appears.
A dual-wavelength excitation scheme for Tm3+ RE ion is depicted in Figure 2.5 featuring
the route of populating the upper laser level, 1G4. The ﬁrst optical pump wavelength, λp1 ,
excites active ions from the 3H6 ground-state level into the 3F4 long-lived manifold. The
second optical pump wavelength, λp2 , transfers the ions this energy level into the upper
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laser level, from where a number of radiative processes occur. Laser action takes place
between one of the Stark energy levels and a energy sublevel in the ground-state manifold,
generating light at wavelength λl. In addition to that, the 1G4 metastable energy level can
be de-excited either by the second pump-induced transition or by spontaneous emissions.
An example of the full rate equation representing the kinetics the ground-state manifold
as a function of fractional ion densities, ni, of the respective ith energy levels, can be
expressed as
dn1
dt
=β7→1
n7
τ7
+ β6→1
n6
τ6
+ β5→1
n5
τ5
+ β4→1
n4
τ4
+ β3→1
n3
τ3
+ β2→1
n2
τ2︸ ︷︷ ︸
spontaneous emissions
−σ1→2φp1n1 + σ2→1φp1n2︸ ︷︷ ︸
pump-induced transitions
+σ7→1φln7 − σ1→7φln1︸ ︷︷ ︸
laser-induced transitions
(2.121)
where i and j subscripts indicate initial and terminal manifolds, respectively, involved in
processes occurring between these energy levels, βi→j is the intermanifold ﬂuorescence
branching ratio, τi is the ﬂuorescence lifetime of ith energy levels, σi→j is the spectroscopic
(eﬀective) cross-section and φk is the photon ﬂux of the ﬁrst pump (k = p1), the second
pump (k = p2) or laser (k = l) transition, respectively.
As pointed out in the spectroscopic description of thulium ion, the multiphonon decay
rate from this energy level is very weak in the case of crystalline hosts, and thus it can
be ruled out from further analysis. In contrast, the energy gap between the 3F2, 3F3 and
3H4 manifolds is small enough to assume that at RT these energy levels are thermally-
coupled, i.e. any excitation terminating either in the 3F2 or 3F3 manifold is automatically
ﬂushed down to the adjacent 3H4 metastable energy level. Similarly, the multiphonon
decay forces the active ion to non-radiatively populate the 3F4 manifold upon leaving
the 3H5 multiplet. Consequently, it can be fairly assumed that all the excited ions reseat
in the following energy levels: 1G4, 3H4, 3F4 and 3H6, greatly reducing the number of
examined manifolds to just 4; see the marked transitions in Figure 2.5. Thus, the reduced
rate equations form the following set of equations
dn1
dt
= β7→1
n7
τ7
+ β4→1
n4
τ4
+ β2→1
n2
τ2
−σ1→2φp1n1 + σ2→1φp1n2 + σ7→1φln7 − σ1→7φln1
(2.122a)
dn2
dt
= β7→2
n7
τ7
+ β7→3
n7
τ7
+ β4→2
n4
τ4
+ β4→3
n4
τ4
− β2→1n2
τ2
+ σ1→2φp1n1 − σ2→1φp1n2 − σ2→7φp2n2 + σ7→2φp2n7
(2.122b)
dn4
dt
= β7→4
n7
τ7
+ β7→5
n7
τ7
+ β7→6
n7
τ7
− β4→1n4
τ4
− β4→2n4
τ4
− β4→3n4
τ4
(2.122c)
dn7
dt
= −β7→1n7
τ7
− β7→2n7
τ7
− β7→3n7
τ7
− β7→4n7
τ7
− β7→5n7
τ7
− β7→6n7
τ7
−σ2→7φp2n2 − σ7→2φp2n7 − σ7→1φln7 + σ1→7φln1
(2.122d)
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In the steady-state condition, all the above diﬀerential equations are equal to zero and
can be solved either analytically or numerically. The numerical solution of the ordinary
diﬀerential equations can be relatively easily performed, e.g. with the RungeKutta
method. On the other hand, the analytical solution of M -coupled algebraic equations is
nontrivial for M > 3 and requires the adaptation of some algorithm, such as Gaussian
elimination or Cramer's rule [107]. The latter is an explicit formula for the solution of
a system of linear equations. The drawback of using this method is that the resulting
formulae look rather complex (see e.g. [182]) and usually requires further optimization
or parameters reduction.
The following analysis, based on the Cramer's rule, provides the analytical solution of
the set of rate equations given in Equation 2.122. The ﬁrst step involves rearrangement
of the equations to form their matrix representation; this yields

dn1
dt
dn2
dt
dn4
dt
dn7
dt

=

−σ1→2φp1−σ1→7φl 1
τ2
+σ2→1φp1
β4→1
τ4
β7→1
τ7
+σ7→1φl
σ1→2φp1 − 1
τ2
− σ2→1φp1−σ2→7φp2 β4→2,3
τ4
β7→2,3
τ7
+σ7→2φp2
0 0 − 1
τ4
β7→4,5,6
τ7
σ1→7φl −σ2→7φp2 0 − 1
τ7
−σ7→2φp2−σ7→1φl


n1
n2
n4
n7

(2.123)
The Cramer's rule states that the matrix must be square and invertible, in other words
the determinant of the matrix must be nonzero. The latter condition invokes that one of
the above equations must be replaced by some other relationship between the variables
which is not a direct derivative of the population dynamics. Typically, that relation
concerns the fact that the number of ions involved in laser action is ﬁxed, hence the sum
of the fractional ion densities is also constant, i.e. n1 +n2 +n4 +n7 = 1. Now, one of the
equations from the set of Equation 2.123 is surplus and can be replaced; usually it is the
one with the highest number of parameters. In this exemplary case, the rate equation of
the 1G4 energy level will be swapped. Therefore, the new system of equations, having
matrix form, is as follows
0
0
0
1

=

−σ1→2φp1−σ1→7φl 1
τ2
+σ2→1φp1
β4→1
τ4
β7→1
τ7
+σ7→1φl
σ1→2φp1 − 1
τ2
− σ2→1φp1−σ2→7φp2 β4→2,3
τ4
β7→2,3
τ7
+σ7→2φp2
0 0 − 1
τ4
β7→4,5,6
τ7
1 1 1 1


n1
n2
n4
n7

(2.124)
For convenience, the above matrix can be written as An = B, where A is the square
matrix of microscopic coeﬃcients, n and B are the column vectors of the variables and the
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steady-state condition results, respectively. The variables are derived from the formula
ni =
det (Ai)
det(A)
(i = 1, . . . ,M) (2.125)
where Ai is the matrix formed by replacing the ith column of A by the column vector B.
For instance, when the fraction of ions in the ground-state level, n1, is sought, then the
ﬁrst column of the matrix A must be replaced by the vector B, yielding
A1 =

B1 A12 A13 A14
B2 A22 A23 A24
B3 A32 A33 A34
B4 A42 A43 A44

(2.126)
In this manner, the fractional population densities can be obtained. However, the ana-
lytical solutions lead to rather impractically long equations, therefore it is reasonable to
utilized a computer simulation with a set of photon ﬂux variables. The latter quantities
can be more conveniently represent by means of a ratio of the optical intensity, I, to the
optical saturation intensity, Isat. The relation between them is as follows
φi =
1
(σabs + σSE)τ
Ii
Isati
(2.127)
For the investigated herein example, the optical saturation intensities are estimated as
[243]
Isatp1 =
hc
λp1 (σ12 + σ21) τ2
(2.128a)
Isatp2 =
hc
λp2 (σ27 + σ72) τ7
(2.128b)
Isatl =
hc
λl (σ17 + σ71) τ7
(2.128c)
The strength of the presented approach lies in the ﬂexibility of parameter selection. This
implies that if it is known that a given parameter has negligible impact on the overall
laser performance, it can be even removed from the equation.
This modelling reveals the complexity in relations between energy level populations, even
in linear equations, when all simple transitions are taken into account. The remedy for
this situation is twofold, namely elimination of as many terms as possible by means of
physical arguments or to use numerical calculations. The latter one is the only way to
solve the rate equations if interionic processes can no longer be neglected.
In the steady-state population inversion density between upper and lower laser manifolds,
for the net gain cross-section can be found (see Equation 2.71). Subsequently, the gain
coeﬃcient can be calculated by letting the laser beam intensity to be zero, i.e. Il = 0.
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The aim of this modelling, utilizing a system of linear rate equations, was to outline
analytical solutions of the population densities of thulium ions in the occupied energetic
levels. Knowledge of how many active ions can be inverted from the ground-state man-
ifold and which states these ions are transferred is essential for the engineering of UC
lasers.
2.10 Relaxation oscillations
The previous section dealt the situation where the laser operates under steady-state
condition. In the vast majority of solid-state lasers, the upper laser level lifetime is
longer than the cavity lifetime, τc, leading to a situation where conditions that disturbed
the population density equilibrium must also be considered. These kinds of disturbances
occur when the intensity of the pumping source changes or cavity losses alter, e.g. when
the laser resonator is slightly misaligned. The result is oscillations in the laser ﬁeld
intensity, these spikes are usually damped and eventually lead back to the steady-state.
However, large deviations are particularly important when they cause problems, e.g.
permanent spiking or hot spots, but also when they lead to useful operating modes, such
as Q-switching. The behaviour of the spikes is oscillatory with the relaxation oscillation
angular frequency, ωro, in the order of kilohertz.
Until the threshold pump power, Ppth, is reached, there are practically no photons present
in the laser resonator, dependent upon the spontaneous emission to seed the cavity mode
ﬁeld. A photon ﬁeld grows exponentially when the population inversion reaches the
threshold condition of more gain than loss in the optical cavity. However, due to the
aforementioned ﬁnite cavity lifetime, it takes some time until the density of stimulated
photons exceeds the steady-state value. During this period the population inversion
increases above the threshold value, subsequently leading to generation of denser photon
ﬁeld. An increasing photon ﬂux results in the decrease in the population inversion
through saturation eﬀects, reducing the population inversion and gain below the steady-
state threshold condition, hence losses overpower the stimulated emission rate and the
laser ﬁeld diminishes. The process starts again, but this time the laser is only slightly
below the threshold and the expected inversion overshoot is not so large as before. In
this manner the system approaches the steady-state, through damped oscillations.
In multimode solid-state lasers, a more complex dynamics occurs, i.e. the number of
relaxation frequencies can take any value between zero and the number of longitudinal
and transverse laser cavity modes [270, 271].
The relaxation oscillation angular frequency for a laser system with reabsorption losses
is given by [272]
ω2ro = γcγﬂ
(
1 +
cαabs
γcn
)(
Pp
Ppth
− 1
)
(2.129)
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The cavity losses (including input and output coupler reﬂectivities), Ltot, can be esti-
mated by measuring the laser relaxation frequency as a function of the ratio of pump
power over the threshold pump power, Ppth, from the following relation [273]
Ltot = 1−
[
RicRoc exp
(
2γclopt
c
)]−1
(2.130)
A sophisticated theoretical model for an analysis of relaxation oscillations in monolithic
PWLs was presented by Dinand and Schütte [274].

Chapter 3
Spectroscopic investigation of gain
materials
3.1 Introduction
In this chapter the spectroscopic investigation, at room temperature (RT), of various
crystalline host materials doped with trivalent neodymium (Nd) or thulium (Tm) ions
is presented. Most of the investigated laser hosts, such as yttrium aluminum garnet
(YAG), yttrium lithium ﬂuoride (YLF) or yttrium aluminum perovskite (YAP), are
well-documented, however the analyses in this thesis encompass an investigation towards
feasibility of lasing in the purple-blue or near-UV wavelength regime. Basic information
of the host materials, related to the subject of this thesis, is given.
For the crystals exhibiting birefringence, the polarized ground-state absorption (GSA)
measurements were conducted at RT; except for one polarization in Tm:YAP, E‖c, and
for the weakest transitions of tungstate crystals, i.e. E‖Ng. In Tm-doped materials,
the focus is mainly on the transitions resulting in emission of blue or ultraviolet (UV)
radiation, such as the 1G4 and 1D2 manifolds, where the eﬀective absorption cross-section
must be precisely resolved in order to determine the corresponding eﬀective stimulated
emission cross-section utilizing the reciprocity method (RM). On the other hand, the
GSA of Nd3+ rare earth (RE) ion gives useful information related to reabsorption of a
potential upconversion (UC) transitions.
The polarized Judd-Ofelt (JO) intensity parameters were estimated in Tm:YLF and
based on those quantities the intermanifold branching ratios and radiative lifetimes were
established (see detailed tables in Appendix D).
The polarized excited-state absorption (ESA) spectra from the 3F4 manifold in Tm3+
and 4F3/2 manifold in Nd3+ were measured in a pulsed pump-probe technique utilizing
a combination of diﬀerent high brightness light-emitting diodes (LEDs). For the former
RE ion the ESA was conducted on two transitions from the 3F4 manifold into 1G4 and
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1D2 energy levels. Next, having these 2 sets of the ESA cross-sections, the absolute
emission cross-section (ECS) values were derived giving a better understanding of the
self-terminating transition by means of a stimulated emission at a pump wavelength or
reabsorption of ﬂuorescence by ions being in an excited-state, i.e. in the 3F4 metastable
level. Also for the Nd-doped media the two ESA bands were investigated including
similar probe wavelength spectral ranges, i.e. 650 to 710 nm and 420 to 500 nm.
A study of the 3F4 ﬂuorescence lifetime in thulium-doped crystals, including several
diﬀerent doping concentrations is undertaken. Radiation trapping can be very strong
in materials such as these, which have a strong overlap between their absorption and
emission spectra. This results in a misleading apparent lifetime of this energy level that
is crucial for deﬁning the potential performance of the active material. Thus, the non-
destructive pinhole method was applied to accurately determine the eﬀective ﬂuorescence
lifetime, providing a useful reference for the 2 micron solid-state laser designers and
explanatory parameter in the UC lasers based on a double-excitation scheme. The results
are compared with other values available in the literature.
Gain considerations of the potential of a laser threshold condition, based on quantities
obtained in this chapter, are discussed Chapter 5 including Tm3+ transitions terminating
in the ground-state, i.e. 1G4 → 3H6 and 1D2 → 3H6 as well as in the 3F4 level, namely
1D2 → 3F4.
3.2 Laser host crystals
Below is a brief description of laser host crystals with diluted RE ions which have been
used in this thesis. Some physical properties are gathered in Table 3.1.
YAG The garnet crystals are one of the most commonly used oxide laser host crystals
for solid-state lasers. Since the discovery of YAG in 1964 by Geusic et al. [275], it
remains the most versatile and widely used RE-doped laser host crystal. It combines
a good optical quality, large thermal conductivity and mechanical robustness, it is very
stable and optically isotropic. The crystals can be grown in high optical quality and in
large scale. The garnet structure is composed of 4 distinct point groups, however the RE
ions mainly substitute the trivalent yttrium (Y3+) in D2 (in Schönﬂies notation) point
group; see e.g. Tm:YAG [129]. One of the major disadvantage of this optically isotropic
material is its depolarization loss (thermal birefringence), which can be reduced by some
techniques, see e.g. Clarkson et al. [276] or Puncken et al. [277], at the expense of
arrangement's complexity.
YAP The YAP abbreviation stands for yttrium aluminum perovskite, however the
chemical formula is YAlO3, i.e. yttrium orthoaluminate. This is because the material
belongs to the perovskite group. The crystallographic structure of YAP belongs to
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orthorhombic crystal system having Pnma1 space group. When this material is doped,
the RE ions enter the lattice crystalline sites lattice replacing trivalent yttrium. The sites
have Cs point group symmetry. The natural birefringence of anisotropic YAP dominates
over any thermally-induced birefringence [279]. The Raman signal is typically weak since
these perovskites are only slightly distorted from cubic structure (which has no Raman
signal) [280].
YLF Yttrium lithium ﬂuoride is one of the most prominent ﬂuoride laser host crystal
having very low phonon energy resulting in low non-radiative decay rates between elec-
tronic levels participating in the pumping and lasing processes. It can have weak thermal
aberration eﬀects compared with oxide materials, due to a negative change of refractive
index with temperature, and natural birefringence. However, it is a relatively fragile
crystal possessing low thermal shock parameter; compared to YAG it is considerably
softer and more brittle. This material oﬀers a wide range of transparency, from 0.18 to
6.7 µm and therefore can be used in UV spectral range. The crystallographic structure
of YLF is tetragonal where the Y3+ ions are substituted for other RE ions in a single
undisturbed S4 point group.
Monoclinic double tungstates Perhaps one of the most distinct features of mono-
clinic double tungstate crystals, e.g. potassium yttrium tungstate (KYW), doped with
RE ions are very strong transition cross-sections and large gain bandwidths, suitable for
wide wavelength tunability and for generation of short pulse durations. The polarized
transitions along principal optical axis Ng are an order of magnitude lower than for the
two other principal optical axes, i.e. Nm and Np, and thus only those for the latter two
are investigated in detail.
YO Yttrium oxide (frequently called yttria) belongs to the lanthanide sesquioxides
Ln2O3. It possesses a high melting point, high thermal conductivity, wide transparency
range, high refractive index and low phonon energy (≈330 to 550 cm=1 [281]). Within
the unit cell structure there are 8 cation sites having the S6 site symmetry and 24 cation
sites having the C2 site symmetry. In randomly distributed RE ions there will be three
times as many ions in the C2 site symmetry as in the S6 site symmetry [282, 283].
YVO Yttrium orthovanadate is a positive uniaxial crystal having good mechanical,
chemical and physical properties and is ideal for optical polarizing components because
of its large birefringence. The transparency range is wide, namely from 0.37 to 3.7µm
1Sometimes the physics community prefers to use other space group Pbnm instead, e.g. [278]. There-
fore, a care must be taken before analysing published data. In this thesis, all the results and analyses are
based on Pnma notation.These space groups are equivalent and are related via a simple transformation.
The transformation from Pbnm to Pnma is
a→ c
b→ a
c→ b
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[284]. The crystal has good thermo-optical properties, however the diﬃculties to grow
crystal with high optical quality hinder its application. The transition cross-sections of
embedded RE ions are one of the highest amongst solid-state materials. Additionally,
the absorption and emission bandwidths are broad allowing an eﬀective pulse mode
operations.
YSO Yttrium orthosilicate is a monoclinical biaxial positive crystal, possessing strong
inherent birefringence and therefore the thermally-induced birefringence is marginalised
in this material. The absorption and emission lines are wider that those in YAG by a
factor of 2 to 3 [285]. In general, the orthosilicates have one of the largest crystal splitting,
a feature desirable especially for the quasi-three-level laser conﬁguration for which the
ground-state manifold is the terminal laser level; e.g. the splitting of the ground-state
level 2F7/2 in Yb3+ is ∆E = 964 cm−1 [286] or 3H6 in Tm3+ is ∆E = 1028 cm−1 [287].
Such large splittings are typical of crystals with strong covalency eﬀects. It has also good
thermal-optical properties. When doped with RE ions the transition cross-sections, at
RT, are comparable with those of YAG, albeit at the same time the ﬂuorescence lifetimes
are shorter or even much shorter [287]. The RE ions occupy two distinct inequivalent
Y3+ point groups C1 with no site symmetry [288, 289]. As for all of the monoclinic
crystals, the crystallographic axes are not perpendicular with respect to each other and
thus it is convenient to use the three orthogonal principal optical axes, instead. The
applied convention of designation is as follows [290, 288]: the b-axis is parallel to the
〈010〉 direction and the D1 and D2 axes correspond to the optical extinction directions
when the crystal is viewed along 〈010〉 between crossed polarizers.
CaWO Calcium tungstate crystallizes in the scheelite structure. The trivalent RE ions
substitute for the Ca2+ ions in S4 sites symmetry. The charge compensation problem
is partially relieved by the addition of a monovalent alkali metal ion, such as Na+, Li+
or K+ [291]. The ﬁrst solid-state laser operating in continuous wave (CW) mode was
constructed by Johnson et al. using Nd:CaWO [292] crystal. This material is known as
a practical phosphor, when excited with UV radiation it emits a bright purple emission,
around 420 nm, with full width at half maximum (FWHM) of about 110 nm, see e.g.
[293].
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The multiphonon emission rates of the investigated hosts, as a function of energy gap
between the lowest Stark level of the J excited manifold to the highest Stark level from
the next lowest, J' manifold, are shown in Figure 3.1. These curves were obtained with
the aid of Equation 2.30 and empirical parameters listed in Table 3.2.
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Figure 3.1: Multiphonon decay rate as a function of energy gap for various
crystal host materials. The dotted lines indicate the energy gap between the
lowest Stark level of an excited manifold to the highest Stark level from the next
lowest manifold, for Nd3+ and Tm3+ ions.
The yttrium vanadate (YVO) host exhibits signiﬁcantly diﬀerent behaviour in its mul-
tiphonon relaxation decay rate. It was shown by Reed and Moos [294] and Ermeneux
et al. [295] that in order to obtain a reasonable ﬁt to the experimental data, phonons
of diﬀerent energies had to be used. Consequently, the phenomenological dependence
could still be valid within two energy gap spectral regions, i.e. below ≈3000 cm=1 and
above this value. However, this phenomenon can apparently be accounted for in poor
crystal quality due to the growth diﬃculties in producing good RE:YVO crystals [296].
Allegedly in superior quality crystals, a single exponential dependence was found [297]
not consistent with previously observed experiments.
The RT multiphonon emission rates were analysed by Zuegel in his thesis [298]. He
compiled eight references to obtained double exponential energy gap law, very similar to
that presented in YVO crystal. The energy breakpoint at which the rates have diﬀerent
slopes is located at approximately 3020 cm=1. It was noted that crystal structure of YLF
is similar to YVO and consequently this peculiar behaviour [295].
The multiphonon relaxation in calcium tungstate (CaWO) crystal having both lattice
and molecular group vibrations has not been comprehensively studied yet. Riseberg and
Moos [203] highlighted the diﬃculty arising in trying to interpret the dependence of dif-
ferent types of phonons taking part in phonon-electron couplings. Due to an identical
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crystallography with YLF (see Table 3.1) and presence of the vibronic group WO4
2+, it
is expected that the multiphonon decay pattern exhibit similar dependence as per the
two previously described crystals, i.e. YVO and YLF.
As a reference, the multiphonon decay rate of low-phonon lanthanum ﬂuoride (LaF)
crystalline material is included in the Figure 3.1. In the past it was proven that this
material has superior properties for being a great laser host of Nd-doped upconversion
gain material, see e.g. [167].
Host ωco (cm=1) CMPR (s=1) αMPR (10=3 cm) Reference
YAG 700 108 3.20 [204]
YAP 570 5× 109 4.00 [299]
YLF 400 3.5× 107 3.80 [300]
YLFc a
1.84× 1010 5.27
[298]
8.22× 107 3.49
KYW a 5.32× 1011 5.44 [301]
YO 550 4× 108 4.20 [204]
YVOb 950
4.8× 1013 6.60
[295]
4× 108 2.60
YVO 950 2.41× 108 1.00 [297]
YSO a 4.95× 108 2.50 [302]
a authors used simpliﬁed formula (valid only at room temperature)
of Equation 2.30, namely WMPR = CMPR exp (−αMPR∆E).
b parameters in the ﬁrst row should be used up to ∆E ≤ 3000 cm−1,
whereas above this value it should be used values from the second
row.
c same as above note but the change energy is at ∆E = 3020 cm−1.
Table 3.2: Parameters used to calculate the multiphonon relaxation rates.
3.3 Ground-state absorption
The measurement of the GSA were made according to the experimental setup procedure
and subsequently analyzed as described in the previous chapter. A broadband light
source covering the spectral range from 300 to 2100 nm was available from Varian2 Cary
500 spectrophotometer with maximum optical resolution of ≈0.05 nm (within UV and
purple-blue light) and accordingly lower for longer wavelengths, i.e. down to ≈2 nm at
around 2µm region. Consequently, the GSA of Tm-doped materials includes transitions
from the 3H6 ground-state level to: 3F4, 3H5, 3H4, 3F3+3F2, 1G4 and 1D2. Whereas,
in case of Nd-doped crystals the transitions originate from the 4I9/2 manifold up to
2F5/2+2F7/2 [121], excluding three the lowest manifolds above the ground-state level, i.e.
4I11/2, 4I13/2 and 4I15/2 (see Figure 1.6).
The uncertainty of the GSA measurements, due to the lack of the knowledge of the precise
RE ion concentrations, the spectrophotometer's sensitivity and analysis procedure, are
lower than 10%.
2Varian, Inc. is now part of Agilent Technologies; homepage: http://www.chem.agilent.com
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3.3.1 Thulium ions
The GSA of the trivalent thulium RE ion has been conducted for the following materials:
 Tm(4 at.%):YAG
 Tm(3 at.%):YAP
 Tm(2 at.%):YLF
 Tm(5 at.%):KYW
 Tm(1 at.%):KYGdLuW
Hypersensitive transitions from the ground-state generally having the largest oscillator
strengths among all possible terminal states, have been identiﬁed in the past, see e.g.
[119, 303]. Furthermore, the oscillator strengths are very sensitive to a small variation of
the surrounding (ligand) environment. These transitions include: 3H6→ 3F4, 3H6→ 3H4
and 3H6 → 1G4, so 3 out of 6 investigated absorption bands have hypersensitivity be-
haviour, which manifests in notably large quantities of the electric dipole doubly reduced
matrix elements of the rank λ = 2, i.e. |〈U2〉|2. For instance, in Tm:YLF these values
for the aforementioned transitions are: 0.5374, 0.2372 and 0.04833, respectively [190].
Tm:YAG Figure 3.2 presents the measured absorption spectrum for Tm:YAG laser
crystal. The spectral shapes and peak values are in very good agreement with published
work, see e.g. 3H6 → 3F4 [304, 189] or 3H6 → 3H4 [233, 305]. The only one unresolved
peak at around 682 nm wavelength is due to the spectrophotometer's dynamic range
limitation where the spectra had to be measured with high optical resolution. Very high
optical density (OD), at this particular wavelength (see Equation 2.1 and Equation 2.2)
was calculated to be 4.5± 0.2, assuming σabs = 4.4 pm2, published in the NASA laser
material database [306], and the sample under investigation, i.e. at the product of crystal
length and dopant concentration.
Interestingly, this crystal possesses a higher absorption cross-section at wavelengths cor-
responding to the 3H6 → 3F4 transition compared to the commonly used 3H6 → 3H4
where very high radiance semiconductor diode lasers (SDLs) are commercially available.
This oﬀers the potential to directly populate the long-lived intermediate energy level
(3F4) from which ESA pumping step excites thulium ions into the high-lying energy
states, e.g. 1G4 manifold. Additionally, the pumping band in this region is broad, eﬀec-
tively spanning 12 nm FWHM, whereas the 3H4 absorption band is characterized by an
approximately 3 nm FWHM. Furthermore, pumping directly into 3F4 manifold gener-
ates less thermal loading, at low dopant concentration, due an improvement in quantum
defect between pump and laser photons. Nevertheless, the manufacturers of SDLs oper-
ating in 1.6 to 1.7µm wavelength range, where the absorption for Tm-doped materials is
quite strong, is more challenging and consequently not as mature as the aluminum gal-
lium arsenide (AlGaAs) SDL. Detailed research on the availability of high power diodes
for this range is summarized in Chapter 5.
3Despite the relatively low value, this transition is also categorized as hypersensitive.
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Tm:YAP The measured polarized absorption spectra of the biaxial Tm:YAP crystal
are depicted in Figure 3.3. The absorption spectra of the 3H6 → 3H4 are in good agree-
ment with published data [307, 308]. Therefore, it is expected that other pumping bands
are correctly resolved, except few peak values around 360 nm and 680 nm wavelengths
for which the OD was greater than the spectrophotometer's sensitivity.
Absorption cross-sections for both polarizations of the 3H4 pumping band are better
matched with the emission spectra of high power SDLs operating at 795 nm wavelength
compared to Tm:YAG (where the maximum absorption peak is located at 785 nm wave-
length). Further comparison with Tm:YAG shows that while the peak values are higher,
the spectral bandwidths of those regions are almost the same.
With regard to the absorption cross-sections of the 3H6 → 3F4 transition, it is evident
that Tm:YAP has slightly higher values and absorption spectra shifted towards longer
wavelengths with maximum peak absorption at 1688 nm for the light polarized along the
b-axis, i.e. E‖b. Absorption bandwidths are more beneﬁcial for direct pumping due to
their broader character, namely FWHM around 30 nm.
A distinct feature of this material is its strong absorption of the 3H6 → 1D2 transition for
the E‖a light polarization in UV spectral region, which is as high as in Tm-doped double
tungstate crystals. Under high ions excitation from the ground-state level, this tran-
sition could be considered as a valuable quasi-three-laser transition generating a short
wavelength radiation.
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Tm:YLF The polarized absorption spectra of uniaxial Tm:YLF crystal are shown in
Figure 3.4 and are in perfect agreement with data published by Walsh et al. [190] and
Xiong et al. [309]. The whole investigated spectrum range are strongly polarization-
dependent and the dominant absorption is aligned with the c-axis, i.e. E‖c or pi-
polarization.
This material has a moderate absorption peak at 792 nm wavelength suitable for high
radiance SDL and FWHM around 3.5 nm.
However, there is a strong peak for direct excitation of the 3F4 level, at 1682 nm wave-
length twice as high as the aforementioned value around 792 nm, which is well-matched
to the concept of a two-step pumping process to populate higher-lying energy levels.
Additionally, this absorption peak of the 3F4 pumping band coincidences with the equiv-
alent absorption peak of Tm:YAP (see E‖b polarization in Figure 3.3) meaning that, at
RT, a common excitation source can be used for both materials.
The unresolved absorption peak around 682 nm, i.e. the 3H6 → 3F2 + 3F3 transitions,
according to Walsh et al. [190] has absorption cross-section of 2.8 pm2. Interestingly, UV
absorption (1D2 multiplet) is weak and comparable to blue absorption spectral region
of the 3H6 → 1G4 transition [309, 310]; quite diﬀerent to the two previously described
crystals, i.e. Tm:YAG and Tm:YAP.
The JO intensity parameters have already been reported, e.g. [190, 311, 121], however
those values are averaged over the two polarizations. This is in accordance with one of
the JO assumptions, namely that the investigated material must be optically isotropic
[196, 312]. Nonetheless, this assumption could be relaxed as long as the birefringence is
not too large and if the polarized analysis outcome is sought, where the pi-polarization is
dominant over the σ-polarization. Therefore, it it reasonable to predict the performance
applicable only to the stronger polarization rather than operates with the averaged quan-
tities. Such analyses have been performed previously in numerous uniaxial and biaxial
Tm-doped materials, e.g. [313, 314, 309]. In the literature a few approaches can be
found how to treat polarized Ωλ parameters, e.g. [315, 196, 316, 317] and one of them
was utilized in this study, namely the integrated eﬀective absorption cross-sections are
now calculated as
Γ¯σ =
∫
J→J ′
σσabs(λ) dλ σ-polarization (3.2a)
Γ¯pi =
∫
J→J ′
σpiabs(λ) dλ pi-polarization (3.2b)
and as a consequence the eﬀective (unpolarized) JO intensity parameters, Ωeﬀλ , are
Ωeﬀλ =
2Ωσλ + Ω
pi
λ
3
(3.3)
In the calculation of the electric dipole experimental line strength the following pumping
bands, from the ground-state level 3H6, were employed: 1D2, 1G4, 3F2 + 3F3, 3H4, 3H5
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and 3F4. Furthermore, the magnetic dipole (MD) contribution of the 3H6 → 3H5 tran-
sition was subtracted before the ﬁnal ﬁt; StMD(J ; J
′) = 0.403× 10−20 cm2 as estimated
from Equation 2.18. The closely-spaced 3F2 and 3F3 manifolds were considered as unity
with the dominant 3H6 → 3F3 behaviour.
The electric dipole doubly reduced matrix elements, |〈Uλ〉|2, were taken from Walsh et
al. [190] and the reduced matrix elements of magnetic dipole transitions, |〈M〉|2, were
taken from Caspary's PhD thesis [318].
Three sets of the JO intensity parameters are given in Table 3.3. More calculated quan-
tities are listed in Appendix D. In case of the eﬀective JO intensity parameters, the
Ωσλ Ω
pi
λ Ω
eﬀ
λ Ωλ Ω
σ
λ Ω
pi
λ Ω
eﬀ
λ
Reference This work [190] [309]
Ω2 (10=20 cm2) 1.753 2.578 2.028 1.67 2.04 0.67 1.58
Ω4 (10=20 cm2) 0.838 2.353 1.343 1.93 1.39 3.04 1.94
Ω6 (10=20 cm2) 0.881 1.641 1.135 1.10 1.14 1.79 1.35
∆SabsRMS (10
=20 cm2) 0.207 0.454 0.049 0.028 0.71 0.34 0.59
∆SrelRMS (%) 21.0 41.3 11.0 8.7 74.7 24.1 38.4
Table 3.3: Judd-Ofelt intensity parameters of Tm:YLF at 300K.
absolute root mean squared (RMS) deviation including all the aforementioned transi-
tions, with extracted magnetic dipole line strength, is ∆SabsRMS = 0.049× 10−20 cm2 (or
∆SrelRMS = 11 %) which is one order of magnitude lower of what is typically found in
RE ions ﬁtting calculations [316]. The calculated RMS are slightly higher than those
given by Walsh et al. [190] (∆SabsRMS = 0.028× 10−20 cm2) indicating overall reliable
ﬁt. The biggest discrepancy, in terms of the polarized spectra, between measured and
calculated values are the 3H5 and 1D2 terminal levels. The latter might be related to
the calcite polarizer (GTH10M from Thorlabs4) used in this experiment, for which the
eﬀective polarization extinction ratio starts at 350 nm wavelength, i.e. the spectral re-
gion where the 3H6 → 1D2 transition takes place. In general, the polarized JO intensity
parameters, Ωσλ and Ω
pi
λ, give considerably higher RMS values. This is due to the approx-
imation employed as explained above and the constant value for the magnetic dipole line
strength used in the calculations. Actually, the ﬁt is not any better while disregarding the
3H6 → 3H5 transition. Thus, the polarized JO intensity parameters should be taken as
rough measure rather than exact quantities. Notwithstanding, the obtained values seem
to represent much better transition strengths than those given by Xiong et al. [309]
by means of lower deviations between theoretical and measured values. Additionally, in
this study one more pumping band, i.e. 3H6 → 1D2, was included in the analysis in
comparison with the aforementioned reference.
Tm:KYW and Tm:KYGdLuW From a spectroscopic point of view, the diﬀerences
between these tungstate crystals are insigniﬁcant, thus the following analysis covers both
4Thorlabs. Located in Newton, NJ (USA); homepage: http://www.thorlabs.com
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materials. As can be seen from Figure 3.5 and Figure 3.6 the spectral shapes and
peak values are quite similar. In general, Tm:KYW material possesses slightly higher
absorption cross-sections and the features are more sharp than the other crystal. The
smeared spectra are a result of codoping the KYW with gadolinium (Gd) and lutetium
(Lu) ions [319]. The GSA polarized spectra of Tm:KYW are in very good agreement
with data published by Troshin et al. [320], whereas similar absorption features of
Tm:KYGdLuW can be seen in Tm:KLuW [212, 321] and in Tm:KGdW [322]. The
absorption cross-section values, at RT, reveal that monoclinic double tungstates have
one of the strongest transitions among all crystalline host materials; even higher than
vanadates [296] or garnets [323].
Main absorption maxima, relevant to high power SDLs, namely around 794 nm (E‖Np)
and 802 nm (E‖Nm) wavelengths are reasonably broad with FWHM being 2 nm and
4 nm, respectively. The unresolved peaks within the 3H4 pumping band of Tm:KYW are
around, according to Lagatsky et al. [324], 13.5 pm2 and 8 pm2 for the E‖Np and E‖Nm
polarizations, respectively.
The peak absorption value of the 3F4 (E‖Np) pumping band is slightly shifted towards
shorter wavelengths, with respect to Tm:YAP and Tm:YLF materials, by about 5 nm.
Therefore, within this pumping region, the tungstates can be excited with the same
source as for the two other crystals, with ﬁne temperature tuning of SDLs (see more in
Chapter 5, where the optimum conditions were found for eﬃcient pump absorption for
a diode emitting at 1.68µm).
Interestingly, the absorption of the 3H6 → 3F2 + 3F3 transition is evidently reduced in
strength compared with the previously discussed materials.
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3.3.2 Neodymium ions
The GSA of trivalent neodymium RE ion has been conducted for the following materials:
 Nd(1.0 at.%):YAG
 Nd(0.9 at.%):YAP
 Nd(1.0 at.%):YLF
 Nd(0.5 at.%):YVO
 Nd(0.7 at.%):YSO
Only the selected spectral ranges, relevant to this study, are shown and analysed.
Nd:YAG Figure 3.7 illustrates the measured absorption spectrum of Nd:YAG laser
crystal. All the maxima were convincingly resolved. Within the spectral range 780 to
840 nm shape and peak values are in very good agreement with high resolution absorption
spectrum measured by Czeranowsky [325], and in general in good agreement with NASA
laser material database [306]. The peak absorption value at 808.7 nm wavelength is
8.9 pm2. It has a 60 nm wide spectral gap, from 370 to 430 nm, free of the GSA for
potential UC laser operating within this wavelength range.
Nd:YAP The measured polarized absorption spectra of the biaxial Nd:YAP laser gain
crystal are depicted in Figure 3.8. Due to crystal rod cut, only the two polarizations were
determined, i.e. for the electric ﬁeld parallel to the b and c crystallographic axes E‖b and
E‖c, respectively. Furthermore, long laser rod used for spectroscopic study, lc = 1 cm,
resulted in many of the values not being fully resolved; it can be safely assumed that all
the peaks from 720 to 840 nm having the cross-section higher than 2.5 pm2 were unre-
solved. Additionally, UV absorption around 355 nm wavelength is also quite signiﬁcant
disallowing an estimate of the strongest peak values. The spectral shape is fairly similar
to the previously reported spectra [325, 326]. Similar to Nd:YAG material, this crystal
has also ≈60 nm GSA-free spectral gap suitable for a short wavelength generation.
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Nd:YLF The RT polarized absorption spectra are shown in Figure 3.9 are in very
good agreement with the NASA laser material database [306] and better resolved than
those given by Ryan and Beach [327]. Four unresolved peaks in the pi-polarization can be
found elsewhere [306]; the maximum GSA peak of the 4I9/2 → 4F5/2 transition is 7.7 pm2
at 791.6 nm wavelength. From 300 to 500 nm spectral range, except region around 340
to 360 nm, Nd:YLF possesses low GSA being beneﬁcial for laser wavelength operating
within this spectral regime.
Nd:YVO Due to exceptionally high absorption strengths in the pi-polarization of
Nd:YVO material, a lightly doped (0.5 at.%) and short (5mm) crystal rod was selected
for the optical investigations. All, except one peak at the strongest transition at around
808.6 nm wavelength, were resolved and the spectral shapes are very similar to those from
the NASA laser material database [306]. The missing peak value of GSA is ≈60 pm2
[328, 329]. A distinctive feature of this material is its UV absorption below ≈370 nm
predominantly attributed to an optical transition within the VO4
3 molecular ions [330].
Thus, it can be inferred that YVO as a laser host crystal is not a good choice for UC laser
emitting UV radiation. Furthermore, care must be taken when considering this material
as a potential RE-doped host in visible light (VIS), because of the growth diﬃculties
manifesting in an additional absorption up to 700 nm, see e.g. [330, 331].
Nd:YSO The polarized GSA spectra for electric ﬁeld parallel to the 3 principal optical
axes are shown in Figure 3.11. The absorption strengths in the E‖b polarization is
much stronger than the two other perpendicular polarizations; the sample's sides for the
spectroscopic study were ground resulting in poor transmission and worse GSA spectrum
determination. This observation is in accordance with previously published data by
Beach et al. [332], albeit this is not a general rule of YSO-doped with RE ions, e.g. in
Tm:YSO the strongest absorption of the 3H6 → 3H4 transition occurs for electric ﬁeld
parallel to the D1 principal optical axis [287]. Moreover, the maxima around 350 nm
wavelength were also unresolved for the E‖b polarization, as marked in Figure 3.11. The
missing values can be found in the aforementioned publication [332], where the peak
value at 810 nm wavelength is ≈10 pm2 [332, 333].
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3.4 Excited-state absorption
The polarized ESA spectra of Nd-, as well as Tm-doped crystals from the 4F3/2 and
3F4 long-lived metastable energy levels, respectively, are given. The experimental setup
based on the pump-probe technique is shown in Figure 3.13.
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Figure 3.12: Normalized spectral distributions of used LEDs operating in pulse
mode (1 kHz and 50% duty cycle) in the ESA measurements. The spectra of
LED1 and LED2 were taken at 14 ◦C and 1.4A of driven current, whereas the
spectra of LED3 and LED4 were measured at 22 ◦C and 0.9A of driven current.
The probe optical beam comprised of four interchangeable high brightness LEDs (see
Figure 3.12) was coupled into a large diameter (400 µm) optical ﬁbre with numerical
aperture (NA) of 0.46 resulting in a circular, uniform irradiance level. The pump source,
a ﬁbre-coupled SDL (Lumics LU0793T030-ED05N12A) emitting at a wavelength around
793 nm with 2W of optical power and ﬁbre core diameter of 105 µm was re-imaged, with
a 6.25 magniﬁcation, into the investigated crystals to produce a quasi-top-hat pumped
radius of ≈370µm. A simple re-imaging system was also used to obtain a similar probe
optical beam, to the pump optical beam, inside the pumped volume of the samples.
Thus, the two optical beams (pump and probe) were spatially combined by a dichroic
mirror (Edmund Optics 750 nm Dichroic Shortpass Filter) and passed together through
a 25mm focal length lens (lens f5 in Figure 3.13). An iris diaphragm was used to control
the probe optical beam divergence at the imaging plane in order to optimize overlap
with the pump optical beam and to match the NA of the monochromator, i.e. NA = 0.1.
The free space overlap between the optical beams was set to approximately 5mm (see
Figure 3.14). Owing to the fact that an optical beam slower divergences in a condensed
matter (as a consequence of denser medium with respect to the air), and so the eﬀective
overlap is proportional to the refractive index of the investigated crystal multiplied by
the 5mm free space length.
The probe optical beam was analyzed using a 300mm focal length monochromator (Ben-
tham TMc300) with a 1200 grooves/mm diﬀraction grating (blazed at wavelength of
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500 nm), ensuring the broadband spectrum from each respective LED could be optimally
dispersed by the diﬀraction grating.
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Figure 3.14: Spatial overlap of pump and probe optical beams.
The optical resolution was ﬁxed to approximately 0.3 nm, by setting the width of the
entrance and exit apertures of the monochromator; checked with the aid of 632.8 nm
HeNe laser. The monochromator was calibrated with a high pressure mercury lamp5. The
transmitted probe signal, through the crystals and the monochromator, was detected by
a silicon photodiode (Hamamatsu S2386-18K) operating in the photoconductive mode at
room temperature. The whole system was controlled by an in-house developed LabView
code.
Both the pump and probe sources were directly modulated by current injection, hence
no mechanical choppers were needed. The inﬂuence of the pump frequency modulation
for Tm-doped crystals resulting in ESA discrimination in transitions either from the 3F4
or 3H4 manifolds, as suggested from the work of de Sousa et al. [238], were investigated.
However, up to 200Hz no alteration of measured signal was observed. This is due to
the fact that for highly-doped materials the 3H4 energy level is eﬃciently quenched by
cross-relaxation (CR) eﬀect and therefore the lifetime of particular multiplet is too short
for the described herein pump-probe measurement technique. For comparison, in all
the previous work [186, 238, 239, 334] the ESA spectra were convincingly determined for
manifolds with lifetimes of at least 1ms. Consequently, the pump and probe modulations
were set to 10Hz and 1 kHz frequencies, respectively. Two lock-in ampliﬁers (LIAs)
(Stanford Research Systems SR830) were connected in cascade and conﬁgured with the
parameters given in Table 3.4. The probe signal was ampliﬁed, ﬁltered of broadband
noise by the ﬁrst lock-in ampliﬁer, LIAprobe, and its output connected to the input of
the pump lock-in ampliﬁer, LIApump.
5Speciﬁcally, the monochromator was calibrated to the ﬁve emission wavelengths, namely 404.66,
435.83, 546.07, 576.96 and 579.06 nm. The standard deviation was 0.08 nm within the given spectral
range.
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Parameter LIApump LIAprobe
Reference frequency 10Hz 1 kHz
Input coupling voltage current
Sensitivity 1V up to 100 nA
Time constant 1 s 3ms
Slope 24 dB/oct
Reserve low noise
Table 3.4: Pump and probe lock-in ampliﬁers parameters.
In order to derive the absolute ESA cross-section values, knowledge of the GSA cross-
sections must be known (see Equation 3.4). For that purpose, the GSA measurements
of the investigated crystals were conducted as can be found in the previous section.
Furthermore, the ESA experimental setup was adjusted to a normal GSA measurement
and the obtained spectra were compared with those obtained using the spectrophotome-
ter. The evaluated spectra were found to be in excellent agreement; as can be seen in
Figure 3.15.
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Figure 3.15: Comparison between measured GSA spectra using the spectropho-
tometer and the ESA experimental setup: (a) Tm:YAP for E‖b, (b) Nd:YLF
for σ-polarization.
An estimated error of transition cross-sections, related to calibration procedure and GSA
uncertainty, is less than 20%.
The relevant Stark energy levels (and corresponding radiative transitions between them)
are given in the Introduction chapter (see Figure 1.6 in Subsection 1.2.2).
3.4.1 Thulium ions
In highly-doped materials, the ESA analysis, by means of reading from the pump LIA,
can be greatly simpliﬁed whereupon the following deductions:
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1. σSE,i ≈ 0 The 1G4, 1D2 and 1I6 from which the transitions might occur, are
negligibly populated by pump photons or other energy-transfer processes due to
the relatively weak pump intensity,
2.
∑
iNi ≈ Ne The CR (3H4,3H6) → (3F4,3F4) dominates over the radiative de-
excitation of the 3H4 manifold and therefore the only long-lived metastable level is
the 3F4 manifold.
Consequently, the ratio of both LIAs given by Equation 2.67 now yields
Idiﬀ
Iprobe
= NelcALIA (σGSA − σESA) (3.4)
The investigated Tm-doped crystals had a decent average absorption coeﬃcient at the
nominal pump wavelength of the Lumics SDL, i.e. 793 nm mounted on a water-cooled
block of constant 20 ◦C temperature.
Transitions from the 3F4 manifold into the 1G4 and 1D2 energy levels obey the selection
rules of hypersensitivity |∆S| = 0, |∆L| ≤ 2 and |∆J | ≤ 2 [119], however only the latter
was found to be hypersensitive.
3.4.1.1 3F4 → 1G4 transition
Tm:YAG In the previous work of Garnier et al. [241] the ESA spectrum originating
from the 3F4 manifold was measured. The authors used the time-resolved excited-state
excitation technique, achieving modest optical resolution. Notwithstanding, the obtained
spectrum in this study is in good agreement with the aforementioned work (see Figure 3.5
for comparison).
Theoretical inter-Stark transitions occupy a broad spectrum from 616.6 to 683.6 nm
wavelength which is almost 70 nm. Two matters arise from this implication. Firstly,
due to insuﬃcient optical power of the LED3 (see Figure 3.12) the experimental ESA
setup was incapable of resolving optical spectra below 620 nm wavelength (see a mark in
Figure 3.16), where according to Garnier et al. [241] the strongest ESA peak, 0.4 pm2,
exists at 616.5 nm wavelength. Secondly, the ESA spectrum around 680 nm wavelength
vicinity is obscured by the extremely strong GSA of the 3H6 → 3F3 transition.
The ESA cross-sections of interest, namely around 650 nm wavelength has two almost
equal peaks of 0.18 pm2 value. Generally, Tm:YAG crystal does not have strong ESA
cross-section of the 3F4 → 1G4 transition. Noteworthy, at RT, 48% of Tm3+ ions excited
into the 3F4 manifold occupy the lowest Stark energy level and thus this might explain
why the strongest ESA transitions are located at short wavelengths, i.e. below 620 nm.
Tm:YAP The ESA spectra of Tm:YAP were measured by Garnier et al. [241] for
the E‖b and E‖c polarization6. The missing polarization parallel to the a-axis as well as
improved E‖b ESA spectra are depicted in Figure 3.17.
6Pnma space group, so the same crystal system as used within this thesis.
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Figure 3.16: Excited-state absorption cross-section of Tm:YAG measured at
room temperature. The GSA corresponds to the 3H6 → 3F2 + 3F3 transition
and the ESA is the 3F4 → 1G4 transition.
Theoretical inter-Stark transitions (the energy levels were taken from [335]) range from
625.1 to 664.9 nm, therefore the ESA experimental setup was able to fully resolved short
wavelengths from the above spectral region. Moreover, long wavelengths do not overlap
with the strong GSA spectra which makes analysis more reliable. Two distinct ESA peaks
at 638.2 nm and 649.6 nm wavelengths for the E‖b and E‖c polarization, respectively,
can be considered as superb candidates for eﬃcient second-step excitation source for high
power SDLs. Both values are much higher than those in Tm:YAG within the investigated
spectral range, i.e. 630 to 660 nm (see Table 3.5 for comparison). A small spectral overlap
between the ground- and excited-state absorption bands indicates that a single pumping
wavelength scheme might be possible to achieve ample population inversion between
the 1G4 and 3H6 manifolds as pointed out by Ni and Rand [183] in their avalanche
upconversion spectroscopy.
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Figure 3.17: Polarized excited-state absorption cross-section of Tm:YAP mea-
sured at room temperature. The GSA corresponds to the 3H6 → 3F2 + 3F3
transition and the ESA is the 3F4 → 1G4 transition.
Chapter 3 Spectroscopic investigation of gain materials 105
Tm:YLF To the best knowledge of the author of this thesis, the polarized and absolute
ESA values were determined in this treatise for the ﬁrst time. In the previous work by
Schweizer et al. [336] unpolarized ESA spectra were measured, however only relative
values were revealed.
The inter-Stark transitions (energy levels taken from Klimin et al. [337]) suggest that this
absorption band spans approximately 40 nm, namely from 627.9 to 666.7 nm, therefore
the spectra are well-resolved. As expected, the absorption of the pi-polarization was
found to be much stronger than the σ-polarization. The strongest ESA absorption peak,
at 648.2 nm wavelength, has absorption cross-section of almost 1 pm2 and very low GSA
cross-section (below 0.05 pm2).
Noteworthy is the fact that in the past UC laser action at 450 nm wavelength, the
1D2 → 3F4 transition, was obtained in a double-excitation scheme [175, 174] using nearly
the same wavelength, i.e. 648 nm, but to promote ions from the 3H4 manifold rather
than from the 3F4 energy level. Nevertheless, the evaluated ESA peaks align better with
the evaluated inter-Stark 3F4 → 1G4 transitions than the aforementioned inter-Stark
3H4 → 1D2 transitions. Furthermore, Hebert et al. [175] identiﬁed the strongest ESA
cross-section originating from the 3H4 multiplet as the σ-polarization, which is orthogonal
polarization to what was determined in this study.
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Figure 3.18: Polarized excited-state absorption cross-section of Tm:YLF mea-
sured at room temperature. The GSA corresponds to the 3H6 → 3F2 + 3F3
transition and the ESA is the 3F4 → 1G4 transition.
Tm:KYW The polarized ESA spectra of Tm:KYW are presented for the ﬁrst time
to the best knowledge of the author of this thesis. The E‖Np and E‖Nm polarizations
were convincingly resolved. It is evident that the ESA cross-section for the electric
ﬁeld parallel to the Nm principal optical axis results in stronger values compared to the
orthogonal polarization, Np.
The maximum cross-section for the Nm polarization, at 649.3 nm wavelength, is ≈0.8 pm2
and its linewidth is about 3 nm (the broadest amongst all the investigated Tm-doped
crystals, as listed in Table 3.5). This material has only comparable ESA cross-section
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with other crystals, e.g. Tm:YLF, despite the generally much stronger transitions typical
for RE-doped tungstate materials.
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Figure 3.19: Polarized excited-state absorption cross-section of Tm:KYW mea-
sured at room temperature. The GSA corresponds to the 3H6 → 3F2 + 3F3
transition and the ESA is the 3F4 → 1G4 transition.
Material Peak wavelength (nm) Peak value (pm2) FWHM (nm)
Tm:YAG
649.5 0.18 ≈1.2
647.4a 0.17
Tm:YAP
649.6 E‖a 1.4 0.9
649.5 E‖ab
638.2 E‖b 1.0 1.6
637.8 E‖ba 0.9
649.6 E‖ca 0.2
Tm:YLF
648.2 pi-pol. 1.0 1.3
648.5 σ-pol. <0.1
Tm:KYW
649.3 E‖Nm 0.8 ≈3.0
649.1 E‖Nm 0.3 2.6
a From Garnier et al. [241].
b From Ni and Rand et al. [183].
Table 3.5: Summary of the ESA transition from the 3F4 energy level to the 1G4
manifold.
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3.4.1.2 3F4 → 1D2 transition
The stimulated ECS of the 3F4 → 1D2 transition plays two important roles in laser dy-
namics characterization. Firstly, it visualises the strength of laser transition between the
given manifolds. Secondly, the ESA from the 3F4 energy level directly excites the 1D2
manifold at a wavelength that is almost in resonance with the 3H6 → 1G4 transition.
To the best knowledge of the author of this thesis, the ESA cross-section of the 3F4→ 1D2
transition have never been published before. This particular transition is expected to
have very strong absorption strength due to one of the highest electric dipole absorp-
tion oscillator strength amongst all the transitions of Tm3+ ion (see an example of JO
calculations for Tm:YLF in Table D.4).
Tm:YAG Theoretical inter-Stark transitions range from 444.1 to 461.1 nm and thus
their long wavelengths overlap with the GSA spectrum (see Figure 3.2) around 460 nm
wavelength region. This can also be seen in the obtained emission spectrum shown in
Figure 3.20.
The strongest ESA peak, σESA = 1.2 pm2, at 448.2 nm wavelength is four times higher
than the GSA maximum peak. Interestingly to note, despite nearly half of the ions in the
3F4 manifold residing in the lowest Stark energy level, this do not result in a transition
having a distinctively strong cross-section, like in the case of previously analysed ESA
3F4 → 1G4 transition or in the article of Garnier et al. [241].
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Figure 3.20: Excited-state absorption cross-section of Tm:YAG measured at
room temperature. The GSA corresponds to the 3H6 → 1G4 transition and the
ESA is the 3F4 → 1D2 transition.
Tm:YAP At RT spectral overlap between the transitions shown in Figure 3.21 is
negligible, as opposed to the previously described Tm:YAG material.
The polarized ESA spectra were very well-resolved due to their inherently strong ab-
sorption cross-sections. The maximum peak (like in the 3F4 → 1G4 transition) is in the
electric ﬁeld parallel to the a-axis, having σESA = 6.5 pm2 at ≈455 nm wavelength. This
is approximately 17 times higher than the maximum GSA peak.
108 Chapter 3 Spectroscopic investigation of gain materials
4 4 0 4 4 5 4 5 0 4 5 5 4 6 0 4 6 5 4 7 0 4 7 5 4 8 0 4 8 5 4 9 0
0
1
2
3
4
5
6
7
 
A
bs
or
pt
io
n 
cr
os
s-
se
ct
io
n 
(p
m
2 )
W a v e le n g t h  ( n m )
 G S A  E | | a
 G S A  E | | b
 E S A  E | | a
 E S A  E | | b
Figure 3.21: Polarized excited-state absorption cross-section of Tm:YAP mea-
sured at room temperature. The GSA corresponds to the 3H6 → 1G4 transition
and the ESA is the 3F4 → 1D2 transition.
Tm:YLF The polarized ESA spectra of Tm:YLF are depicted in Figure 3.22. The
both ESA and GSA transitions are well-separated from each other. What is evident here
is the fact that the σ-polarization has comparable cross-section with, generally much
stronger, the pi-polarization.
The evaluated values are suﬃciently high for eﬃcient second-step excitation source for a
potential UC laser. Furthermore, the three absorption peaks, σESA≈2.3 pm2, contained
within roughly 4 nm spectral range ease constraint on matching laser wavelength form a
SDL, for which only a small wavelength tuning would be necessary in order to optimize
absorption at this particular transition.
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Figure 3.22: Polarized excited-state absorption cross-section of Tm:YLF mea-
sured at room temperature. The GSA corresponds to the 3H6 → 1G4 transition
and the ESA is the 3F4 → 1D2 transition.
Tm:KYW The ESA behaviour of the 3F4 → 1D2 transition is far diﬀerent from
that previously revealed for the ESA from the same level but terminating in the 1G4
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multiplet, where the ESA cross-sections were of the same order as for the other Tm-
doped materials.
However, the ESA spectra obtained in this purple-blue spectral range are exquisitely
stronger and have broad linewidths. The peak value for the E‖Nm polarization is 57 pm2
at 453.4 nm wavelength while its FWHM linewidth is ≈2 nm. For the same electric ﬁeld
polarization, the ratio of the maximum GSA cross-section peak to the maximum ESA
cross-section peak is more than 40.
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Figure 3.23: Polarized excited-state absorption cross-section of Tm:KYW mea-
sured at room temperature. The GSA corresponds to the 3H6 → 1G4 transition
and the ESA is the 3F4 → 1D2 transition.
Material Peak wavelength (nm) Peak value (pm2) FWHM (nm)
Tm:YAG 448.2 1.2 0.9
Tm:YAP
454.9 E‖a 6.5 0.7
451.1 E‖b 2.3 ≈0.5
Tm:YLF
448.5 pi-pol. 2.7 0.7
446.5 pi-pol. 2.0 0.9
449.9 σ-pol. 2.1 1.0
Tm:KYW
453.4 E‖Nm 57 2.0
453.6 E‖Nm 31 ≈2.7
Table 3.6: Summary of the ESA transition from the 3F4 energy level to the 1D2
manifold.
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3.4.2 Neodymium ions
In Nd-doped materials only the 4F3/2 metastable level has long enough lifetime, and
therefore the largest excited-state population, to be considered as the initial level from
which ESA occurs. In this manner, the simpliﬁed Equation 3.4 can be used to determine
absolute values of the ESA spectra.
Two experiments were conducted in order to determine absolute values of the ESA
strengths of the following transitions:
1. 4F3/2 → 2P3/2 transition features rather narrowband spectral range because the-
oretical inter-Stark transitions take place between the manifolds having only two
energy sublevels (as a result of the total angular momentum quantum number
J = 3/2) and narrow energy splitting of these manifolds, e.g. in Nd:YAG the split-
ting reads 84 and 81 cm=1 for the 4F3/2 and 2P3/2 multiplets, respectively [121].
This transition corresponds to spectral range between 680 to 695 nm wavelength,
where high power SDLs are commercially available. What is relevant to this excita-
tion scheme is its direct excitation into the upper UC laser level from where an ex-
pected UC emission appears, namely 2P3/2→ 4IJ (where J = 9/2, 11/2, 13/2, 15/2),
which corresponds to approximated emission spectra: 385, 417, 453 and 495 nm.
In the past, Guyot et al. [338] determined in Nd:YAG crystal the ESA at a shorter
wavelength, i.e. around 620 nm to the 4D3/2 manifold, being one energy level above
the 2P3/2 multiplet. However, as it was already elaborated on the ESA in Tm:YAG
such a short wavelength is not currently accessible for high power SDLs. Further-
more, within this spectral region, i.e. across 620 to 720 nm, a weak 4I9/2 → 4F9/2
GSA is present (see, e.g. Nd:YAG absorption spectrum in Figure 3.7), which would
aﬀect adversely on laser performance by means of unwanted Nd3+ ions excitation
from the ground-state level by a second pump source.
2. 4F3/2 → 2D(2)5/2 + 2H(1)11/2 + 2D(2)3/2 + 2H(1)9/2 transitions of purple-blue
light, i.e. approximate wavelength range from 430 to 490 nm. Unlike the previ-
ously described transition, this ESA excites Nd3+ ions into higher lying energy
levels from which, by means of multiphonon decay, these ions are subsequently
stored in the 4D3/2 metastable energy level. Within this spectral region, the ESA
strongly overlaps with GSA, though. It is expected that the strongest ESA, for all
investigated herein Nd-doped materials, occurs at the 4F3/2 → 2H(1)9/2 transition
as pointed out by Guyot et al. [338].
Because of the low absorption cross-section of the nominal pump wavelength, i.e. 793 nm
at 20 ◦C, of the used ﬁbre-coupled SDL in conjunction with low dopant concentrations of
the investigated crystals, the optical pump absorption results in low to modest quantities.
Therefore, the emission wavelength of the SDL was temperature-tuned by water-cooling
mounting block between 16 to 34 ◦C in order to ﬁnd the highest single-pass optical pump
power absorption by each sample under investigation. Excluding the Fresnel reﬂectance
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from both uncoated end-facets of the samples, the curves of absorption amount are
depicted in Figure 3.24.
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Figure 3.24: Pump power absorption of the investigated Nd-doped crystals for
a range of diﬀerent temperature of the SDL used as the ﬁrst-step excitation
source.
3.4.2.1 4F3/2 → 2P3/2 transition
Preliminary measurements revealed that this transition is extremely weak. Moreover,
the overlap with a strong 4I9/2 → 4F9/2 GSA adds another complexity of its estimation.
This is illustrated in Figure 3.25 where the GSA is superimposed on relation between
output of two LIAs given by Equation 3.4.
According to the Stark energy levels listed in Kaminskii's book [121], the theoretical
inter-Stark transitions between the 4F3/2 and 2P3/2 manifolds occur at the following
wavelengths: 683.2, 687.0, 687.1 and 690.9 nm. However, no evidence of such transitions
can be found in Figure 3.25.
Additionally, the JO formalism was applied in order to calculate the electric dipole
line strengths7 of the two aforementioned intermanifold transitions, where the squared
reduced matrix elements were taken from Carnall et al. report [200] and the JO intensity
parameters came from Krupke's work [143] (see Table 3.7 for the gathered and computed
quantities).
From the electric dipole line strengths it is pointed out that the investigated herein
transition is extremely weak, which would make it diﬃcult to be properly extracted from
the ESA experimental setup meaning that the ESA of the 4F3/2 → 2P3/2 transition is
impractical for excitation of high-lying energy levels in Nd3+ ion. As a comparison,
Guyot et al. [338] determined ESA peak cross-section at shorter wavelength, i.e. the
7As already mentioned, magnetic dipole line strengths in Nd-doped materials have minor eﬀect on
overall transition strengths and therefore are omitted in this analysis.
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4I9/2 → 4F9/2 4F3/2 → 2P3/2
|〈U2〉|2 0.0009 0.0024
|〈U4〉|2 0.0092 0
|〈U6〉|2 0.0406 0
StED(J ; J
′) (10=20 cm2) 0.228 0.0005
Table 3.7: Electric dipole line strengths of Nd:YAG calculated with the aid of
the Judd-Ofelt intensity parameters, Ωλ, from Krupke's work [143] (0.2, 2.7
and 5.0× 10=20 cm2) and the squared reduced matrix elements were taken from
Carnall et al. report [200].
4F3/2 → 4D3/2 transition (one energy level above the 2P3/2 manifold), to be greater than
1 pm2.
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Figure 3.25: Ground-state absorption 4I9/2 → 4F9/2 of Nd:YAG measured at
room temperature (red curve) and reading from the ESA experimental setup
(green curve).
To veriﬁed the above outcome, unpolarized ESA experiment was carried out with Nd:YAP
crystal. The theoretical inter-Stark transitions include wavelengths at 679.9, 685.7, 686.7
and 692.5 nm, as estimated from energy levels published in [339, 340]. Curves represent-
ing the GSA and readout from the ESA experimental setup are depicted in Figure 3.26
and like in the previous case the traces are in good agreement with each other.
To sum up, the 4F3/2 → 2P3/2 ESA transition is extremely weak and was undetectable
for the devised ESA experimental setup. Even if the ESA were resolved, it is anticipated
that majority of pump photons corresponding to this spectral region would contribute
to excitation of Nd3+ ions from their ground-state manifold rather than from the 4F3/2
excited-state level, due to much higher strength of the former transition.
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Figure 3.26: Unpolarized ground-state absorption 4I9/2→ 4F9/2 of Nd:YAP mea-
sured at room temperature (red curve) and reading from the ESA experimental
setup (green curve).
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3.4.2.2 4F3/2 → 2D(2)5/2 + 2H(1)11/2 + 2D(2)3/2 + 2H(1)9/2 transition
Nd:YAG The ESA spectrum (see Figure 3.27) includes 3 fully resolved absorption
bands, i.e. 4F3/2 → 2D(2)5/2 + 2H(1)11/2, 4F3/2 → 2D(2)3/2 and 4F3/2 → 2H(1)9/2.
According to the Stark energy levels tabulated in Kaminskii's book [121] these spectra
occupy the following wavelength regimes: 437.3 to 450.7 nm, 462.5 to 465.7 nm and
466.9 to 473.8 nm, respectively. The remaining theoretical 4F3/2 → 2L17/2 transition
up to 505 nm wavelength must have extremely weak absorption strength because it was
obscured by the GSA, and therefore it was ruled out from the analysis.
For this material the strongest ESA peak of ≈1 pm2 at 470.7 nm wavelength does not
coincide with the GSA and its linewidth is 0.6 nm FWHM. This peak value is close to
the estimated by Guyot et al. [338] 1.1 pm2 ESA cross-section.
At shorter wavelengths (around 450 nm), the ESA is free of absorption from the ground-
state manifold, and only very weak ESA was found around 435 nm wavelength.
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Figure 3.27: Excited-state absorption cross-section of Nd:YAG along with
ground-state absorption cross-section measured at room temperature between
430 to 500 nm spectral range.
Nd:YAP The polarized ESA spectra are well-resolved and depicted in Figure 3.28.
In generally, the values are double that of Nd:YAG, with the peak value of 2.1 pm2 at
470.5 nm wavelength for the E‖b polarization. Its linewidth has a moderate value of
0.7 nm FWHM. Furthermore, the GSA has a very low strength of ≈0.2 pm2. Therefore,
a SDL emitting at this particular wavelength should give a reasonable excitation of the
Nd3+ ions in one of the higher lying energy state levels.
At shorter wavelengths, around 433 nm, the ESA strongly overlaps with the GSA. How-
ever, a moderate strength ESA being at the same time GSA-free was found at slightly
longer wavelength, i.e. ≈445 nm, where constantly improving high power SDLs are com-
mercially available.
The other E‖a polarization has evidently a weaker cross-section and thus does not seem
to play important role in the excitation mechanism of the Nd3+ ions.
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Figure 3.28: Polarized excited-state absorption cross-section of Nd:YAP along
with ground-state absorption cross-section measured at room temperature be-
tween 430 to 500 nm spectral range.
Nd:YLF The polarized ESA spectra of Nd:YLF are shown in Figure 3.29 and are in
good agreement with the relative spectra measured by Guyot et al. [338] within the 460
to 470 nm spectral range.
The dominant pi-polarization has the peak value of 1.6 pm2 at 465.5 nm wavelength,
which is shifted towards shorter wavelengths by approximately 5 nm with respect to
the previously described materials. Its linewidth is ≈0.7 nm FWHM. The GSA at this
particular wavelength is below 0.1 pm2.
The ESA peak near 440 nm wavelength is GSA-free and therefore can be utilized with a
SDL operating at shorter wavelength.
4 3 0 4 4 0 4 5 0 4 6 0 4 7 0 4 8 0 4 9 0 5 0 0
0 .0
0 .3
0 .6
0 .9
1 .2
1 .5
1 .8
A
bs
or
pt
io
n 
cr
os
s-
se
ct
io
n 
(p
m
2 )
W a v e le n g t h  ( n m )
 G S A  σ- p o l .
 G S A  pi- p o l .
 E S A  σ- p o l .
 E S A  pi- p o l .
Figure 3.29: Polarized excited-state absorption cross-section of Nd:YLF along
with ground-state absorption cross-section measured at room temperature be-
tween 430 to 500 nm spectral range.
Nd:YVO Amongst all the investigated laser gain materials, this crystal exhibits ad-
ditional ESA to the host matrix. This is due to the lower lying conduction band (CB) of
the YVO crystal and the speciﬁc position of the 4I9/2 ground-state energy level of Nd3+
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with respect to the top of the crystal's valence band (VB). Therefore, absolute ESA
values could not have been properly resolved. The GSA of the pi-polarization and the
scaled readout from the ESA experimental setup spectra are shown in Figure 3.30.
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Figure 3.30: Reading from the ESA experimental setup (green curve) of Nd:YVO
along with ground-state absorption cross-section (red curve) measured at room
temperature between 430 to 500 nm spectral range.
The undoped YVO crystal has intrinsically short UV transmission cut-oﬀ at about
370 nm (27 030 cm=1) [330], a value less than the summation of the probe wavelength
(20 000 to 23 800 cm=1) and the average Stark energy levels of the 4F3/2 excited-state
manifold (11 370 cm=1 [306]). This leads to excitation of VO4
3 complexes by means of
charge transfer (CT), i.e. an electron transfer from the ground-state level of Nd3+ ion to
the vanadium (V) transition metal ion. However, Dorenbos et al. [341] estimated that
the ground-state energy level of Nd3+ is buried beneath the top of the VB (0 cm=1) at
0.7± 0.3 eV (≈5650 cm=1) and therefore the energy separation between the ground-state
manifold and the CB of YVO is larger than energy gap between the VB and CB.
Notwithstanding, a diﬀerent method can be applied to determined the ground-state po-
sition utilizing herein ESA setup. First of all, extrapolation of the Idiﬀ/Iprobe curve from
Figure 3.30 was necessary to its intersect with the abscissa. By doing that, a point of
intersection was estimated to be 515± 5 nm (19 420± 190 cm=1). Next, the position of
the 4F3/2 manifold with respect to the top of the VB was determined by subtracting
this quantity from YVO's transmission cut-oﬀ, i.e. 27 030 cm−1 − 19 420 cm−1, yield-
ing 7610± 210 cm=1 value. Finally, it can be inferred, noting the energy gap between
the 4I9/2 and 4F3/2 multiplets, that the ground-state energy level is located at approxi-
mately 3760± 220 cm=1 below the top of the VB. This quantity, equals to 0.46± 0.08 eV,
is within the energy range given by Dorenbos et al. [341], however in this thesis it was
determined with much better accuracy and with respect to the point where absorption
commences (as opposed to peak transition deﬁned by Dorenbos et al. [341]). Figure 3.31
depicts all the relevant energy states and transitions of the Nd:YVO material superim-
posed on the undoped YVO crystal.
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Figure 3.31: Location of the energy levels of Nd3+ within the YVO material
energy space. The zero point is ﬁxed at the top of the host's valence band.
Nd:YSO In general, the ESA strengths are very broad due to large energy splitting of
Nd3+ multiplets and doubly-degenerate properties of all the Stark energy levels. There-
fore the spectra overlap strongly with the GSA features, as can be seen in Figure 3.32.
As a consequence, it can be fairly assumed that within the investigated spectral region
no single ESA peak would have high enough cross-section, without overlapping with
the GSA at the same time. Even at shorter wavelengths, the GSA is strong enough to
eﬀectively obscure peak absorption transitions from the 4F3/2 manifold.
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Figure 3.32: Polarized excited-state absorption cross-section of Nd:YSO along
with ground-state absorption cross-section measured at room temperature be-
tween 430 to 500 nm spectral range.
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Material Peak wavelength (nm) Peak value (pm2) FWHM (nm)
Nd:YAG
449.0 0.3 0.7
470.7 1.0 0.6
Nd:YAP
445.7 E‖b 0.6 0.7
470.5 E‖b 2.1 0.7
Nd:YLF
439.6 pi-pol. 0.5 0.8
465.5 pi-pol. 1.6 0.8
Nd:YSO
433.1 E‖b 0.7 ≈0.9
433.0 E‖D1 0.6 ≈1.1
434.5 E‖D2 1.0 0.8
Table 3.8: Summary of the ESA transition at purple-blue light from the 4F3/2
manifold.
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3.5 Stimulated emission cross-sections of thulium ions
Stimulated emission cross-sections (ECSs) of trivalent thulium ion are derived in the
manner described in the Modelling chapter (see Section 2.2), namely from absorption
cross-sections and the knowledge of the Stark energy levels and employing the reciprocity
method (RM). Five diﬀerent transitions have been investigated based on the GSA as
well as ESA cross-sections established in the previous sections of this chapter. These
transitions include:
 3F4 → 3H6
 1G4 → 3H6
 1D2 → 3H6
 1G4 → 3F4
 1D2 → 3F4
and will be dealt separately.
The ﬁrst transition, i.e. 3F4 → 3H6, is important because when pumped directly, the
stimulated emission (at the pump wavelength) causes de-excitation of the 3F4 manifold.
The purpose of calculating the second and third ECS transitions, i.e. emission from
the 1G4 and 1D2 high-lying manifolds to the ground-state level, is to determine the
potential gain for lasers operating in the purple-blue and UV wavelength ranges. The
last two transitions mainly provide a measure of the de-excitation rate of the upper
laser levels by stimulated emission induced by the second-step pump photons from the
3F4 long-lived metastable energy level. Due to the fact that the aforementioned upper
laser levels are directly populated by the ESA from the 3F4 manifold, they may undergo
downward transitions as well. Therefore, this is crucial to gain a better understanding of
the energy level population dynamics. Optionally, this quantity can be used in modelling
the eﬀective gain coeﬃcient for diﬀerent excitation levels (see Section 5.3).
Despite many reports of Tm:KYW lasers, the Stark energy levels have not been found
in the literature. Thus, some approximations need to be implemented before calculation
of its partition functions can be done. First of all, the Stark energy levels are estimated
for similar crystallographic structure Tm-doped materials, namely potassium gadolin-
ium tungstate (KGdW), potassium lutetium tungstate (KLuW) [342] and potassium
ytterbium tungstate (KYbW) [343], where the thulium ions substitute Gd, Lu and
ytterbium (Yb) ions, respectively. A common pattern between these materials arises
from the diﬀerent degree of splitting of the same manifold, ∆EJ , e.g. 3H6. Starting from
the highest to the lowest splits, one has KLuW, then KYbW and KGdW. This order
is explicitly reciprocal to the eﬀective ionic radius, r(CNionOS), of these RE ions in the
eightfold coordination system [246]; r(VIIILu3+) = 0.979Å, r(VIIIYb3+) = 0.985Å and
r(VIIIGd3+) = 1.053Å [344]. This eﬀect is clearly identiﬁed in KYW, KLuW and KGdW
crystals with embedded Yb3+, Er3+ [345] and Pr3+ [346] RE ions. Secondly, the eﬀective
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ionic radius of Y is r(VIIIY3+) = 1.019Å a value somewhat between Gd and Lu (1.016Å)
ions. Therefore, it is reasonable to take the arithmetical mean value, this is even more
justiﬁed for the codoped potassium yttrium gadolinium lutetium tungstate (KYGdLuW)
case, in order to calculate other spectroscopic quantities in the RM approach.
All the parameters used in calculations are gathered in respective tables at the end of
each subsection.
3.5.1 3F4 → 3H6 transition
Tm:YAG Here the stimulated ECS derived from the RM is not properly resolved for
the spectral range beyond 2 µm wavelength due to extremely weak GSA in that region
(see Figure 3.2).
At RT the Boltzmann occupation factors of the top energy sublevels of the 3H6 manifold8
are within 0.6 to 1.7%, as calculated from the Stark energy levels given by Tiseanu et
al. [347]. Generally, other authors have used the main alternative approach, namely the
FüchtbauerLadenburg (F-L) relation, in order to estimate the ECS of the 1D2 → 3H6
transition, see e.g. [189, 233]. From the aforementioned publications it might be expected
that the ampliﬁed spontaneous emission (ASE) would occur with a peak wavelength
around 2.02µm, where the calculated stimulated ECS is ≈2.5 pm2.
The maximum absorption peak at 1627 nm wavelength with the σGSA = 1.1 pm2 has a
10 times lower stimulated ECS, a consequence of the large Stark energy level splitting in
this material, and thus it seems to be a promising excitation wavelength.
The GSA around 1.68 µm wavelength, which is strong for the other investigated Tm-
doped crystals, is actually relatively weak in YAG, i.e. σGSA = 0.45 pm2, and the
corresponding stimulated ECS is only 4 times lower than the GSA.
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Figure 3.33: Measured absorption (dash line) and derived emission (solid line)
cross-sections of the 3F4 → 3H6 transition of Tm:YAG crystal at room temper-
ature.
8Long wavelengths mostly originating from these Stark energy levels
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Tm:YAP The polarized stimulated ECS spectra are depicted in Figure 3.34. For
this material the zero-line energy occurs at 5631 cm=1 and the partition functions are
Zl = 3.887 and Zu = 3.816, as calculated from [335].
The strongest GSA peak in theE‖b polarization, being 1.2 pm2 is located at 1688 nm
wavelength and it has broad linewidth of approximately 30 nm FWHM. The coinciding
stimulated ECS peak of 0.3 pm2 is much more evident in comparison to the Tm:YAG
case. Hence, a high depopulation rate of the 3F4 level population density would be
required, e.g. by an intensive optical pumping at one of the ESA channels, to overcome
stimulated emission at the GSA pump wavelength.
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Figure 3.34: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 3F4 → 3H6 transition of Tm:YAP crystal at
room temperature.
Tm:YLF The polarized stimulated ECS spectra are in very good agreement with data
published by Walsh et al. [190]. For the RM calculation, the quantities from Table 3.9
were used.
The maximum GSA peak, at 1683 nm wavelength, has a similar absorption strength as
the strongest lines of the two previously described crystals, i.e. σGSA = 1.35 pm2. At the
same time, the stimulated ECS value is the highest amongst of them, namely reaching
0.4 pm2, which is almost 30% of the corresponding GSA peak value. Thus, for an eﬃcient
excitation of the high-lying energy levels via ESA, is would be advisable to avoid any
excessive population density built-up in the 3F4 manifold. It could be possible by an
intensive excited-state optical pumping for this particular energy level.
Tm:KYW As can be seen in Figure 3.36 the polarized optical transitions are evidently
the strongest amongst all the investigated Tm-doped media.
For the E‖Np polarization the GSA wavelength of interest, i.e. at 1678 nm has peak
value of 2.6 pm2, whereas the corresponding stimulated ECS is 0.65 pm2.
It is expected that under ground-state bleaching (GSB) condition an ASE might appear
at ≈1.84µm for the E‖Nm polarization due to very high stimulated ECS value in that
spectral region.
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Figure 3.35: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 3F4 → 3H6 transition of Tm:YLF crystal at
room temperature.
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Figure 3.36: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 3F4 → 3H6 transition of Tm:KYW crystal at
room temperature.
Tm:YAG Tm:YAP Tm:YLF Tm:KYW
Reference [347] [348] [337] [342]
kBT (cm=1) 208
Ezl (cm=1) 5555 5631 5598 5666
Zl 3.357 3.887 5.114 4.825
Zu 2.084 3.816 3.422 4.674
Table 3.9: Parameters used to calculate the 3F4 → 3H6 emission cross-section
of Tm-doped crystals at room temperature.
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3.5.2 1G4 → 3H6 transition
Tm:YAG The Stark level splitting of Tm:YAG material can be found in numerous
publications, see e.g. [211, 129, 347]. The selection of the aforementioned publications
was dictated by coherence between published values and obtained in this study absorp-
tion data. Therefore, in the further analysis the Stark energy levels are taken from
Tiseanu et al. [347]; that small diﬀerences in energy positions have a negligible impact
on the overall procedure.
For this material, the 3H6 ground-state manifold is made up of 13 non-degenerate en-
ergy sublevels, whereas the high-lying manifold of interest, i.e. 1G4 consists of 9 non-
degenerate Stark energy levels. In the chosen publication, 11 and 8 levels were experi-
mentally identiﬁed, respectively. However, for the purpose of this modelling the complete
computed values are taken, rather than missing experimental points; thus the partition
functions do not need to be rescaled as suggested in the Modelling chapter (see Subsec-
tion 2.2.1). At RT the Zl and Zu were calculated, from Equation 2.12, to be 3.357 and
1.453, respectively. The zero-line energy of the 3H6(1)→ 1G4(1) inter-Stark transition is
20 828 cm=1.
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Figure 3.37: Measured absorption (dash line) and derived emission (solid line)
cross-sections of the 1G4 → 3H6 transition of Tm:YAG crystal at room temper-
ature.
Finally, after including all the parameters given in Table 3.10, the eﬀective emission cross-
section of Tm:YAG was obtained (see Figure 3.37). The spectral shape of the derived
emission cross-section is almost fully resolved. Theoretically, the inter-Stark transitions
between the 3H6 and 1G4 manifolds range approximately from 459 to 500 nm, which
means that some ﬂuorescence still can be present at wavelengths longer than 490 nm
where the RM produces noisy results. Indeed, a very small absorption exists at 494.5 nm
wavelength (σGSA  0.01 pm2) which contributes to the calculated spectrum above
490 nm wavelength; which is one of the drawbacks of the RM approach. Nevertheless,
the aforementioned missing wavelength range does not alter the obtained spectrum, i.e.
the peak from that region is signiﬁcantly smaller than the peak at 485.6 nm wavelength.
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In order to visualize this a normalized ﬂuorescence spectrum, within the 430 to 510 nm
spectral range, has been taken from [306] and compared with the computed stimulated
ECS (see Figure 3.38). The emission around 495 nm is present, but insigniﬁcant in terms
of usage as a potential laser transition.
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Figure 3.38: Normalized emission of Tm:YAG measured at RT. The data taken
from NASA's database of laser materials [306]. Two emission bands are clearly
identiﬁed, namely 1D2 → 3F4 and 1G4 → 3H6. The sample was excited with
unknown source and optical resolution was not high enough to fully resolved all
the transitions.
In general, the values of computed emission cross-section spectrum are quite low, with
the maximum at 485.6 nm wavelength being approximately 0.27 pm2. On the positive
side, wide spectral separation between absorption and emission maxima and very small
GSA at the peak emission wavelength is advantageous as the expected reabsorption loss,
at this particular transition, would not severely degrade laser performance.
Tm:YAP The Stark energy levels were taken from Weber et al. [348]. It must
be pointed out that other resources exist (see three of them gathered in O'Hare and
Donlan's work [335]), but in general they are either incomplete or inconsistent with each
other. A complete removal of degeneracy with lower symmetry in YAP crystal results in
splitting of the 3H6 ground-state level and the 1G4 manifold into 13 and 9 non-degenerate
Stark components, respectively. Only the upper partition function, Zu, requires rescaling
(according to Equation 2.13) due to lack of one Stark sublevel within the 1G4 manifold.
After doing that, the quantity yields Zu(scaled) = 3.269, whereas Zl(calc) = 3.887. The
zero-line energy of the 3H6(1)→ 1G4(1) inter-Stark transition is 21 028 cm=1.
The polarized emission cross-section spectra are depicted in Figure 3.39. The spectra
are well-resolved, where the theoretical inter-Stark transitions are concentrated between
462 nm and 497 nm wavelength. Again, as in the case of the Tm:YAG, the emission
above 490 nm wavelength in only instructive due to a weak absorption measured in this
absorption band. The peak absorption value at 475.7 nm wavelength for the E‖b polar-
ization, although higher than for Tm:YAG, overlaps with strong GSA. The orthogonal
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Figure 3.39: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4 → 3H6 transition of Tm:YAP crystal at
room temperature.
polarization, i.e. E‖a has even weaker stimulated ECSs.
Unfortunately, due to sample's shape, the GSA along the c-axis could not be investigated
and consequently the stimulated transitions are unknown. Furthermore, the literature
research did not give any absorption spectrum measured at RT.
Tm:YLF In the literature quite a few energy levels data of Tm:YLF can be found, see
e.g. [174, 349, 311, 350]. However, the most comprehensive study with high resolution
optical Fourier spectroscopy have been performed by Klimin et al. [337], and therefore
these values are taken as the reference. The typical small Stark level splitting of the
multiplets in YLF makes up the most narrowest 1G4 level bandwidth of all investigated in
this study Tm-doped materials, ranging from 464 to 487 nm wavelength. The computed
quantities of the partition functions and zero-line energy are listed in Table 3.10.
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Figure 3.40: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4 → 3H6 transition of Tm:YLF crystal at
room temperature.
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The polarized stimulated ECSs are shown in Figure 3.40 and are in excellent agreement
with spectra published by Walsh et al. [190]. As expected, the dominant absorption
occurs for the light polarized parallel to the c-axis (pi-polarization) being three times
stronger than the orthogonal σ-polarization. Separation of absorption and emission
cross-section maxima is wide, such as in the case of Tm:YAG, however a non-negligible
GSA exists at the strongest ECS located at 483.2 nm wavelength. In general, the values
of stimulated ECS are of the same order as for the other Tm-doped materials investigated
so far.
The total dipole emission oscillator strengths, as tabulated in Table D.4 in Appendix D,
are 11.1× 10=7 and 210× 10=7 for the 1G4 → 3H6 and 1D2 → 3F4 transitions, respec-
tively. For more detail, see the subsequent section related to the stimulated emission of
the 1D2 → 3F4 transition.
Tm:KYW and Tm:KYGdLuW As already mentioned in the introduction to this
section, the partition functions based on the Stark energy levels given by Pujol et al.
[342], are to be Zl = 4.825 and Zu = 3.822.
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Figure 3.41: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4→ 3H6 transition of Tm:KYGdLuW crystal
at room temperature.
The polarized absorption and emission cross-sections of the tungstate crystals are pre-
sented in Figure 3.41 and Figure 3.42. The theoretical inter-Stark transitions span ap-
proximately 22 nm from 463.3 nm to 485.4 nm wavelength. It can be seen that the double
tungstate crystals have much stronger emission cross-sections with the respect to the pre-
viously described Tm-doped media, albeit the overlap with the GSA is quite signiﬁcant
and therefore high ground-state bleaching is anticipated in order to overcome reabsorp-
tion loss.
In the further upoconversion gain analysis (see Chapter 5), only the E‖Nm polarization
will be considered. Additionally, for Tm:KYW crystal the weakest E‖Ng polarization is
included only for informative purpose, because its absorption and emission is too low to
be considered as a potential laser transition.
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Figure 3.42: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4 → 3H6 transition of Tm:KYW crystal at
room temperature.
Tm:YAG Tm:YAP Tm:YLF
Tm:KYW
Tm:KYGdLuW
Reference [347] [348] [337] [342]
kBT (cm=1) 208
Ezl (cm=1) 20 828 21 028 20 970 21 108
Zl 3.357 3.887 5.114 4.825
Zu 1.453 3.269 2.498 3.822
Table 3.10: Parameters used to calculate the 1G4 → 3H6 emission cross-section
of Tm-doped crystals at room temperature.
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3.5.3 1D2 → 3H6 transition
Tm:YAG The stimulated ECS was calculated with the aid of parameters gathered in
Table 3.11. The strongest emission peak located at 364.7 nm wavelength is nearly 1.5 pm2
and has a corresponding GSA being 10 times weaker. Furthermore, it is expected that
two other peaks having high stimulated ECS and low GSA would be likely to reach a
laser threshold, as can be seen in Figure 3.43. Hence, Tm:YAG opens opportunity to
emit UV radiation within 362 to 367 nm spectral range. It should be noted that the
emission maxima are more that 4 times higher than the peak stimulated ECS of the
previously analysed 1G4 → 3H6 transition (see Subsection 3.5.2).
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Figure 3.43: Measured absorption (dash lines) and derived emission (solid lines)
cross-sections of the 1D2 → 3H6 transition of Tm:YAG crystal at room temper-
ature.
Tm:YAP The polarized ECS of Tm:YAP is very high for this particular transition as
shown in Figure 3.44 resulting from beneﬁcial Zl/Zu ratio and strong GSA values. The
E‖b polarization has stronger ECS than the E‖a polarization, however both polarization
exhibit high values around two distinct emission peaks wavelengths, i.e. 365 and 368 nm.
For the longer wavelength the GSA is below 0.3 pm2, hence the ratio of the stimulated
ECS to the GSA is greater than 20 times. The ECS values around 359 nm wavelength
were not properly analysed due to unresolved GSA in that spectral region. Nonetheless,
this value is impractical for laser emission design taking into account of strong reab-
sorption eﬀect. Just like the case of Tm:YLF crystal, the stimulated ECS strength is
unprecedentedly larger than the 1G4 → 3H6 emission.
Tm:YLF This material has only one distinctive peak emission concentrated around
361.5 nm wavelength present for both polarizations. Its value, for the pi-polarization, is
2.4 pm2, however for this wavelength a meaningful GSA exists, giving the ratio of the
stimulated ECS to the GSA of only 6 times; this quantity is the lowest ratio amongst all
Tm-doped investigated materials at the 1D2 → 3H6 transition. Notwithstanding, when
compared with the 1G4 → 3H6 emission, it is about 9 times stronger.
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Figure 3.44: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1D2 → 3H6 transition of Tm:YAP crystal at
room temperature.
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Figure 3.45: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1D2 → 3H6 transition of Tm:YLF crystal at
room temperature.
Tm:KYW The strong polarized UV stimulated ECS of Tm:KYW is depicted in
Figure 3.46. The peak emission intensity for the E‖Nm polarization is 8.5 pm2, and is
separated by 8.5 nm from the maximum GSA peak value, as oppose to the previously
analysed 1G4 → 3H6 transition (see Figure 3.42, where the two maxima overlap with
each other). The emission peak is broad having ≈3.1 nm FWHM linewidth, which could
be used for output wavelength tuning. It has a relatively weak GSA of about 0.7 pm2
and so has a similar beneﬁcial ratio of the ECS to the GSA, comparable with Tm:YAG
and Tm:YAP crystals.
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Figure 3.46: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1D2 → 3H6 transition of Tm:KYW crystal at
room temperature.
Tm:YAG Tm:YAP Tm:YLF Tm:KYW
Reference [347] [348] [337, 311] [342]
kBT (cm=1) 208
Ezl (cm=1) 27 886 27 700 27 963 27 772
Zl 3.357 3.888 5.114 4.825
Zu 3.315 2.201 3.768 3.339
Table 3.11: Parameters used to calculate the 1D2 → 3H6 emission cross-section
of Tm-doped crystals at room temperature.
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3.5.4 1G4 → 3F4 transition
The emission wavelength of this transition is not the scope of this thesis and there-
fore only the de-excitation of the 1G4 manifold by means of stimulated emission at the
pump wavelength is analysed. Moreover, the stimulated emission within the spectral
region deprived of ESA, >650 nm, generally overlaps with GSA making this transition
unattractive for potential laser applications.
Tm:YAG As already mentioned on the topic related to the 3F4→ 1G4 ESA transition,
the very strong GSA around 680 nm prevented estimation of the ESA within this spectral
region and therefore the derived stimulated ECS using the RM is undeﬁned for this
study (see Figure 3.47). The partition functions and zero-line energy were taken from
Table 3.12.
The ESA peaks around 650 nm wavelength overlap with equally pronounced ECS and
therefore the 1G4 metastable level would be de-excited by pump photons. For that
particular reason this material has a unique feature compared with other Tm-doped
materials, namely a nominally zero emission cross-section at the highest ESA peak value
at ≈616 nm wavelength. Unfortunately, currently there are no such high power SDLs
operating at this wavelength.
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Figure 3.47: Measured absorption (dash lines) and derived emission (solid lines)
cross-sections of the 1G4 → 3F4 transition of Tm:YAG crystal at room temper-
ature.
Tm:YAP The zero-line energy corresponds to the strongest peak of the E‖a polariza-
tion and therefore the stimulated ECS has similar value as the ESA transition. It looks
much better for the other E‖b polarization, where the ECS peak at 638 nm wavelength
in roughly 20% of the ESA quantity. Consequently, this wavelength might be the wave-
length of choice for the system with signiﬁcant ions excitation from the ground-state
level.
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Figure 3.48: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4 → 3F4 transition of Tm:YAP crystal at
room temperature.
Tm:YLF For the dominant pi-polarization the stimulated ECS and ESA are nearly
identical as can be seen in Figure 3.49, which means that the de-excitation rate at the
pump wavelength would be high at this particular wavelength of interest.
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Figure 3.49: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4 → 3F4 transition of Tm:YLF crystal at
room temperature.
Tm:KYW Amongst all the investigated Tm-doped crystals, this material has stronger
stimulated ECS at the strongest ESA, i.e. around 650 nm wavelength for both polar-
ization, as computed from the partition functions and zero-line energy (see Table 3.12).
Unfortunately, the spectral overlap between these quantities might cause problems of
keeping desired population densities in manifolds of interest.
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Figure 3.50: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1G4 → 3F4 transition of Tm:KYW crystal at
room temperature.
Tm:YAG Tm:YAP Tm:YLF Tm:KYW
Reference [347] [348] [337] [342]
kBT (cm=1) 208
Ezl (cm=1) 15 273 15 397 15 372 15 440
Zl 2.084 3.816 3.443 4.674
Zu 1.453 3.269 2.498 3.822
Table 3.12: Parameters used to calculate the 1G4 → 3F4 emission cross-section
of Tm-doped crystals at room temperature.
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3.5.5 1D2 → 3F4 transition
Tm:YAG As previously, the Stark energy levels were taken from Tiseanu et al. [347],
resulting in the following partition functions: Zl = 2.083 and Zu = 3.315, whereas the
zero-line energy is established at 22 331 cm=1. Thus, this material has evidently disad-
vantageous Zl/Zu ratio being much smaller than unity (see the other ratios in Table 3.13).
The maximum stimulated ESA and ECS peaks are well-separated from each other, how-
ever the maximum ﬂuorescence peak at 460.7 nm wavelength coincides with the strongest
GSA line in this spectral region and thus ﬂuorescence, at this particular wavelength, is
diminished due to reabsorption from unexcited Tm3+ ions; this can be seen in Figure 3.38
and is included in the analysis (Subsection 3.5.2) related to the 1G4 → 3H6 emission.
Another strong emission line is the peak at 455.2 nm wavelength having ECS of 2.8 pm2,
as well as an ESA cross-section of nearly 0.8 pm2. Compared to the 1G4 → 3H6 emission
line, this is approximately 10 times higher.
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Figure 3.51: Measured ground- and excited-state absorption along with derived
emission cross-sections for the 1D2 → 3F4 transition of Tm:YAG at room tem-
perature.
Tm:YAP From all the investigated Tm-doped crystals, this material has the best
Zl/Zu ratio (see Table 3.13) contributing to high ECS values using the RM.
Only the longest emission wavelengths overlap with weak GSA, so it can be pointed
out that the strongest emission peaks are well-separated from the GSA. The stimulated
ECS for both polarizations is very strong. The values of the E‖a polarization are much
higher compared to Tm:YAG. The strongest estimated ECS around 455 nm wavelength
is 17 pm2. Owing to the spectral emission shape, it is expected that the output can be
tuned within ≈5 nm wavelength region, namely from 455 to 460 nm.
Tm:YLF The Stark energy levels of the 1D2 manifold were taken from Dulick et al.
[311]. The computed quantities of partition functions and zero-line energy are listed in
Table 3.13.
As can be seen from Figure 3.54 the orthogonal polarizations do not deviate much from
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Figure 3.52: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1D2 → 3F4 transition of Tm:YAP crystal at
room temperature.
each other, in contrary to what is observed in the GSA measurements, where the pi-
polarization is prominently stronger that the σ-polarization. The absolute ECS values
are not particulary high for this transition, although evidently stronger than any other
transition terminating in the ground-state level from high-lying manifolds of Tm3+. The
spectral shape as well as peak values are in very good agreement with the work published
by Chicklis et al. [67]; the original graph is hardly readable and the spectra seem to
be shifted towards shorter wavelengths but they are good comparison of two diﬀerent
methods (RM and F-L relation) used in order to obtained virtually the same output (see
Figure 3.53).
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Figure 3.53: Polarized emission cross-sections of the 1D2 → 3F4 transition of
Tm:YLF crystal measured at room temperature by Chicklis et al. [67].
The only discrepancy is in the pi-polarization spectrum obtained in this study with some
emission peak maxima lower than those given by Chicklis et al. [67]. Nonetheless, the
ECS peak value at around 449 nm wavelength is ≈3.5 pm2 for both polarization. These
values are more than ten times stronger than what was calculated for the 1G4 → 3H6
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transition. See detailed analysis in the Chapter 5 related to upconversion laser consid-
erations.
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Figure 3.54: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1D2 → 3F4 transition of Tm:YLF crystal at
room temperature.
Tm:KYW The polarized stimulated emission cross-sections are depicted in Fig-
ure 3.55, which were derived using the quantities given in Table 3.13. Like in the previous
ESA experiments, the E‖Nm polarization has stronger values than the orthogonal E‖Np
polarization.
Breaking the barrier of 100 pm2, Tm:KYW crystal at this particular transition has un-
doubtedly one of the highest stimulated ECS of all RE ions embedded into solid-state ma-
terials measured at RT; a comparable ECS value might have Tm-doped vanadates which
possess comparably strong 3F4 → 3H6 transition (σSE = 2.5 pm2 for the pi-polarization
[297, 351]), however neither ESA nor ECS have not been reported for the 1D2 → 3F4
transition. From the emission linewidth it can be inferred that a continuous laser tuning,
of about 3 nm, would be possible around 454 nm and 458 nm wavelengths. The GSA is
below 0.05 pm2 at wavelengths shorter than 460 nm and therefore it would have a very
limited impact on the UC laser performance operating at the 1D2 → 3F4 transition.
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Figure 3.55: Measured polarized absorption (dash lines) and derived emission
(solid lines) cross-sections of the 1D2 → 3F4 transition of Tm:KYW crystal at
room temperature.
Tm:YAG Tm:YAP Tm:YLF Tm:KYW
Reference [347] [348] [337, 311] [342]
kBT (cm=1) 208
Ezl (cm=1) 22 331 22 069 22 365 22 104
Zl 2.083 3.816 3.443 4.674
Zu 3.315 2.201 3.768 3.339
Table 3.13: Parameters used to calculate the 1D2 → 3F4 emission cross-section
of Tm-doped crystals at room temperature.
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3.6 Fluorescence lifetime
This section reports a study of the 3F4 ﬂuorescence lifetime of singly-doped Tm3+ ions at
RT, utilizing the pinhole technique (described in the Modelling chapter; see Section 2.5),
for several diﬀerent concentrations dopant, and laser hosts, i.e. YAG, YAP, YLF and
double tungstates (KYW and KYGdLuW) as listed in Table 3.14. Each of these sam-
ples were optically polished on opposite faces of interest, except the last, which was an
epitaxial-grown ﬁlm of 10 µm thickness. The doping levels were assumed according to
manufacturers' datasheets. All of Tm:YLF crystals were obtained from the same vendor,
while in the case for Tm:YAP two diﬀerent vendors were used, the lowest dopant levels,
i.e. 1.5 and 2.0 at.% from one and the others another.
Host CTm (at.%) Length (mm) Cross-section (mm2) Optical coating
YAG 4.0, 6.0 >4.0 3 uncoated
YAP 1.5, 2.0, 3.0, 4.0 >3.0 3× 3 AR coated
YLF 2.0, 4.0, 6.0, 8.0 >6.0 3 AR coated
KYW 5.0 5 5× 5 AR coated
KYGdLuW 1.0 0.01 5× 5 uncoated
Table 3.14: Tm-doped samples used in the ﬂuorescence lifetime experiment.
As it was mentioned before, the 3F4 energy level is aﬀected by various energy transfer
processes, such as CR, energy-transfer upconversion (ETU) or energy migration (EM);
see the aforementioned mechanisms in Figure 3.56.
ESA often acts as a parasitic eﬀect for RE ions in their excited-states, e.g. increasing
the threshold pump power through eﬀectively decreasing the upper laser level lifetime,
or reducing the eﬀective gain coeﬃcient. This phenomenon is especially obvious in long-
lived metastable energy levels and the 3F4 manifold of Tm3+ is one of them. Considering
the energetic structure of Tm3+-doped crystals (see Figure 3.56) it reveals that no ESA
at 2µm ﬂuorescence from the 3F4 manifold into the 3H4 energy level is feasible; in fact,
both CR and ETU processes are phonon-assisted interionic mechanisms [130, 133]. The
second long-lived metastable level in Tm3+ ion is the 3H4 manifold, from which the ions
can undergo further excitation by acquiring energy from the ﬂuorescence photons. Nev-
ertheless, the ESA from this level does not exist in the 2µm spectral range. Furthermore,
for highly doped materials the 3H4 manifold is rapidly de-excited by CR mechanism, i.e.
(3H4,3H6) → (3F4,3F4) [1]. Thus, any ESA at 2 µm ﬂuorescence can be ruled out from
further analysis of the lifetime of the 3F4 level.
Highly-doped materials are prone to have higher probability of the active RE ions sub-
stituting into the wrong site symmetry or even with the wrong ion, e.g. when Nd3+
substitutes Al3+ in the YAG matrix, rather than Y3+, and therefore does not relax ra-
diatively [352]. Even for one of the most established solid-state gain material, namely
Nd:YAG its doping level is limited to about 1.4 at.% utilizing the Czochralski growth
technique [353, 215] and up to 4 at.% using other methods, such as the ﬂux-growth or
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Figure 3.56: Partial energy level diagram of trivalent thulium with marked ra-
diative and non-radiative processes occuring after pumping the RE ions into the
3H4 manifold.
the temperature gradient technique [215]. The main diﬃculty arises from the so-called
distribution coeﬃcient, k, being much smaller than unity, as compared to Nd:YAP crys-
tals having k ≈ 1 [354].
Inevitable optical crystals' lattice imperfections might severely quench the intrinsic ﬂu-
orescence lifetime by means of dissipation of excitation of the active centres. Despite
the enormous progress in developing better quality and larger crystals, still the manu-
facturers contend with diverse defects, such as: point defects, dislocation arrays, colour
centres, twins or various atoms and groups of atoms, e.g. metal impurities of iron group
[355]. Sugak et al. [356] pointed out how post-grown processes, i.e. thermal annealing
or UV-, γ-radiation, inﬂuence the luminescence behaviour of YAP crystals doped with 1
and 4 at.% of thulium. However, the aforementioned spectroscopic nuisances are mainly
attributed to energies greater than 15 000 cm=1, albeit they cannot be excluded from the
2 µm spectral region having energies positioned around 5000 cm=1. Many new optical
crystals have been restricted to basic research, where high quality is not paramount.
Therefore, comparative studies with other well-developed materials might be mislead-
ing. From many promising laser crystals only a minute part of them gain acceptance for
commercial supply.
Furthermore, the luminescence decay is prone to considerable variations due to various
crystal growth technologies, purity of starting materials and elevated dopant concentra-
tions [215, 357].
In general, if one wants to ameliorate the existence of energy transfer phenomena in
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the ﬂuorescence lifetime measurement, then an experiment should be carried out under
low excitation pumping in order to diminish interionic processes, resulting in very small
density populations in the 3H4 and 3F4 manifolds. How indicative these processes can
be, one can ﬁnd by investigating anti-Stokes emission, e.g. in Tm(1 at.%):YLF where a
blue ﬂuorescence (radiative decay either from the 1G4 or 1D2 manifold) is observed when
exciting either the 3H4 or 3H5 energy level [141].
3.6.1 Experimental setup
The arrangement of the experimental setup is shown in Figure 3.57. All the ﬂuorescence
decay curves were taken at RT and the crystals were not actively cooled in any way. The
excitation source was a ﬁbre-coupled SDL operating at a wavelength around 793 nm,
promoting the Tm3+ ions into their 3H4 energy level. From that manifold, one of the
possible ways to relax energy is radiatively into three other energy states, namely 3H5,
3F4 and 3H6 producing ﬂuorescence around 2500, 1500 and 800 nm wavelength, respec-
tively (see Figure 3.56). A germanium ﬁlter of 3mm thickness was used in order to cover
a Thorlabs DET10D InGaAs detector from wavelengths below ≈1.8 µm, i.e. ﬂuorescence
originating from the 3H4 manifold into the 3H5 and 3F4 energy levels. Furthermore, the
ﬁlter shielded the active area of the detector from pump's scatter light. The remaining
optical transition, i.e. 3H4 → 3H5 is relatively weak compared to the 3F4 → 3H6 tran-
sition [204], hence its contribution to the detected signal is negligible. Both the pump
source and the detected signal were randomly polarized.
The optical pump beam was incident at sample's facet with an angle of incidence of 45°,
while collection optics for the 2µm ﬂuorescence were set perpendicular to the optical
pump beam. The ﬁbre-coupled SDL was driven with a modulated current signal with
20ms pulses at a 10% duty cycle, while the measured fall time was 60 ns. These condi-
tions provided enough time for the system to reach steady-state for all the investigated
samples. The optical pump delivery optics provided a 30x magniﬁed image of the optical
ﬁbre output facet, with 1.2W peak power and a beam size of 3.2mm diameter at the
sample facet, yielding an incident irradiance of 15Wcm=2.
A 200µm thick brass shim with drilled pinholes ranging from 1.0 to 2.4mm in diameter
were used. Thus, all of the investigated samples were larger than up the biggest pin-
hole (see Table 3.14). In order to minimize reﬂections of the emitted ﬂuorescence back
into the sample the shim was covered with a black paint. Each pinhole was reimaged
onto the detector connected with a high speed current ampliﬁer Femto HCA-400M-5K-C
(4 kVA=1 gain and 400MHz bandwidth) and a 350MHz preampliﬁer Stanford Research
Systems SR445A. The data was recorded by a digital oscilloscope Tektronix TDS5052B
(500MHz bandwidth, 256 sample averaging and 100 ns time interval between sample
readings).
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Figure 3.57: Experimental setup for measuring ﬂuorescence lifetime.
3.6.2 Results
The analysis has been applied to all available Tm-doped samples and the aforementioned
pinholes. For brevity, the detail ﬂuorescence decay curve of Tm(3 at.%):YAP and a
1.1mm diameter pinhole as exemplifying the most relevant steps while obtaining the
sought quantities.
The detector's background level was determined just before the optical pump beam's
pulse started. For convenience, the graph (see Figure 3.58) illustrating the chosen ﬂu-
orescence decay curve is plotted in semi-log fashion and the curve is normalized by
maximum intensity at t = 0 s.
The trace was compared with a single exponential decay, as well as with two exponential
components given in Equation 2.64. Statistics was obtained utilizing commercial soft-
ware Origin 9.09 and its curve ﬁtting features. Parameters which determine the goodness
of ﬁt, in this study, were: adjusted R squared10, R¯2, and graphic residual (visualises the
quality of the regression)11. In addition, the following computation parameters have been
set: 95% conﬁdence level for curves, 10=12 to 10=15 tolerance, 500 maximum number of
iterations and asymptotic-symmetry based computation method.
9OriginLab® is a software application for data analysis and publication-quality graphing, tailored to
the needs of scientists and engineers; homepage: http://www.originlab.com/
10The closer the ﬁt is to the data points, the closer this parameter will be to the value of 1.
11The residuals should not show any trend and be randomly distributed around zero, otherwise it
would indicate that the residuals were not independent and e.g. suggests that a higher order term
should be introduced to the ﬁtting model.
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Tm:YAP From Figure 3.58 it can be seen that the double exponential curve follows
the measured dataset very well, in comparison to a single exponential model. This is
also supported by lower residuals values, including their uniform distribution around zero
level. The R¯2 parameter for former model is 0.999 82 and is closer to unity compared to
0.999 22 for single exponential approximation, while this diﬀerence is in fact very small,
even a small deviation results in a dramatically diﬀerent ﬁtting; hence, the visual analysis
of residuals provides an extra degree of conﬁdence.
A ﬂuorescence lifetime of 5.95± 0.01ms was determined from the single exponential
model, whereas the double decay approximation yielded values of τf = 4.60± 0.11 ms and
τs = 8.37± 0.23 ms for the fast and slow ﬂuorescence decay components, respectively.
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Figure 3.58: The 3F4 ﬂuorescence intensity decay for Tm(3 at.%):YAP and a
1.1mm diameter pinhole. Points are experimental results and solid lines are the
best ﬁts with a single and double exponential curves. The lower part shows the
residuals of both ﬁtting functions.
The luminescence decay curve under inﬁnitely large pinhole diameter, i.e. without pin-
hole, and where the optical pump beam was bigger than the sample's cross-section was
checked. Whereupon, only a single exponential decay of the ﬂuorescence with a lifetime
of 7.87± 0.01ms was obtained. In this particular case, the double components ﬁt did
not converge nor reduced to the single exponential decay model. Exactly the same re-
sults were obtained using Equation 2.56 due to single exponential decay behaviour of the
measured signal.
Applying the above analysis to various pinhole diameters, the ﬂuorescence lifetime of
the Tm:YAP crystals, with respect to diﬀerent active ion concentrations, was carried
out. Next, from Figure 3.59 the ﬂuorescence lifetime values were deducted, by means of
extrapolation of τf down to vanishing pinhole size, as described in the Modelling chapter
(see Section 2.5).
In the above manner, all the results of Tm3+-activated crystals are listed in Table 3.15
along with the estimated average ﬂuorescence lifetime (without any pinhole), as well as
with other pivotal quantities, namely average refractive index, n¯, and average absorption
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Figure 3.59: Estimated fast components (points) versus pinhole radii for four
diﬀerent Tm ion concentrations of Tm:YAP crystals. Lines are the best linear
ﬁts and the interceptions with ordinate axis provide eﬀective ﬂuorescence life-
times. For the graph's clarity, the uncertainties of each calculated point are not
shown.
coeﬃcient over emission spectrum, α¯e. For brevity of this thesis, only the ﬁnal outcomes
are presented.
Host CTm (at.%) τ0 (ms) τavg (ms) n¯ α¯e (cm=1)
YAG
4.0 8.40± 0.07 12.12± 0.05
1.80
0.28
6.0 6.39± 0.05 9.11± 0.03 0.42
YAP
1.5 4.67± 0.29 12.27± 0.01
1.92
0.79
2.0 4.33± 0.12 12.54± 0.01 1.05
3.0 4.19± 0.07 7.87± 0.01 1.58
4.0 4.01± 0.18 5.86± 0.01 2.11
YLF
2.0 12.17± 0.13 16.72± 0.01
1.45
0.46
4.0 8.71± 0.17 15.77± 0.01 0.91
6.0 6.86± 0.15 12.53± 0.01 1.37
8.0 6.73± 0.17 9.08± 0.01 1.82
KYGdLuW 1.0 1.23± 0.09 1.69± 0.01
2.00
1.00
KYW 5.0 0.97± 0.25 2.66± 0.02 4.88
Table 3.15: Results of analysis of ﬂuorescence the 3F4 lifetimes in Tm-doped
crystals.
Tm:YAG For the uncoated YAG crystals doped with 4.0 and 6.0 at.% Tm ions
(see Table 3.14), the sample with lower in concentration had the calculated intrinsic
ﬂuorescence lifetime of 8.40± 0.07ms and the average ﬂuorescence lifetime was evidently
longer, namely 12.12± 0.05ms when no pinhole was used. Whereas the same parameters
for higher doped material were 6.39± 0.05ms and 9.11± 0.03ms, respectively.
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Tm:YLF Compared to Tm:YAP the estimated values of Tm:YLF have lower uncer-
tainties for each respective pinholes. The decay slopes of both ﬁtted functions repre-
senting the estimated ﬂuorescence lifetime versus dopant content are quite diﬀerent, i.e.
0.86± 0.51 and 2.15± 0.66 for Tm:YAP and Tm:YLF, respectively (see Figure 3.60).
Therefore, the ﬂuorescence lifetime of the 3F4 energy level in Tm:YLF decreases much
faster than for the other investigated materials. This fact might be useful for one obtain-
ing gain materials with moderate to high dopant concentrations. As can be seen from
Table 3.16 the most similar values were reported by Chicklis et al. [67], however without
any description upon measurement conditions, such as a pumping scheme or what was
the sample's state of aggregation (powder or bulk).
Tm:KYW and Tm:KYGdLuW The ﬂuorescence decay curves of Tm:KYW were
deviated somewhat at the beginning, i.e. 1.5ms after the optical pump pulse was turned
oﬀ. The origin of this behaviour is an inﬂuence of non-radiative eﬀects in this highly
doped material, as it was suggested in similar tungstate laser host, i.e. Tm:KYbW [343].
Therefore, for the purpose of the conducted analysis, an initial decay was rejected. The
average ﬂuorescence lifetime was 2.66± 0.02ms and the derived ﬂuorescence lifetime was
0.97± 0.25ms. Clearly, the nearly threefold shorter lifetime is strongly dependent upon
the relative overlap of the emission and absorption bands in the 2 µm region for this
material.
The last investigated crystalline material was the epitaxial Tm:KYGdLuW waveguide
layer. Its thickness of about 10 µm serves as a thin disc and the analysis can be applied
to Kuhn's model [229] where indirectly excited sample's region is neglected; hence single
exponential approach is suﬃcient. Indeed, trying to use an extra exponential term, the
ﬁt did not converge. The average ﬂuorescence lifetime was 1.69± 0.01ms. On the other
hand, the ﬂuorescence lifetime, calculated with the aid of the pinhole method, was only
slightly diﬀerent yielding 1.23± 0.09ms value. The correction factor in only about 1.4,
as comparing to 2.7 for Tm(5 at.%):KYW crystal.
3.6.3 Discussion
The investigated Tm-doped crystals have, depending on the laser host, the energy gap
between the 3F4 and 3H6 multiplets, ∆E > 4800 cm−1, which requires at least 5-10
phonons to bridge that gap. As a consequence, the multiphonon decay rate has a negli-
gible inﬂuence on the measured ﬂuorescence lifetime and can be neglected in the further
analysis (see Figure 3.1).
For the crystals with a range of diﬀerent dopant concentrations only decreasing trends
in the derived ﬂuorescence lifetime have been observed, as is typically seen, e.g. in
Yb-doped materials [225, 224] or barium yttrium ﬂuoride (BYF) doped with thulium
[358].
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Figure 3.60: Room temperature ﬂuorescence lifetime of the 3F4 energy level in
all the investigated Tm-doped crystals as a function of thulium content. Points
are the reabsorption-free lifetimes and dash lines are the best ﬁts with a single
exponential decay curve.
In case of the anti-reﬂective (AR)-coated samples (Tm-doped YAP, YLF and KYW; see
Table 3.14), the appearance of the slow time constant, τs, is less obvious with decreasing
dopant level and the decay traces are more distinguished by only a single exponential
component.
If the radiation trapping is substantial, then the ﬂuorescence lifetime increases rather
than decreases, as it was reported previously [225, 359, 360]. This peculiar behaviour
might suggest that the AR coating deposited onto the samples ameliorates eﬀects of the
radiation trapping and substantially reduces, however not entirely eliminating the total
internal reﬂection (TIR) phenomenon.
For the majority of the ﬂuorescence decay proﬁles, a non-exponential behaviour just after
switching oﬀ the pump beam was observed. This eﬀect, despite a weak pump excitation
level, was also noticed earlier for emission from the 3F4 energy level of Tm-doped crystals,
e.g. [361], and cannot be identiﬁed with other exponential terms, but most likely with
interionic processes, such as EM between neighbouring ions, similar to that reported in
Nd:YAG [362].
The shortening of the 3F4 lifetime with increased Tm ions content has been observed pre-
viously in other materials and the explanation has been attributed mainly to inevitable
RE impurity ions (serving as de-activating centres) and additional energy relaxation
pathways [225, 363, 364]. Yb-doped materials (having only 2 energy levels within the
intraconﬁgurational 4fn ↔ 4fn transition) are excellent examples with residuals traces
of Tm3+ and Er3+ ions leading to the blue and green emissions [225]. Excited thulium
ions residing in the 3F4 energy level also experience energy exchange with non-excited
neighbouring ions by means of EM. The probability of such energy exchange is pro-
portional to the square of total dopant concentration [126], leading to higher impurity
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quenching, either by a material's lattice imperfection or the aforementioned undesirable
active RE ions.
Tm:YAG For the two uncoated Tm:YAG crystals the average ﬂuorescence lifetime
(no pinhole) are approximately 1.4 times longer than the derived ﬂuorescence lifetimes.
The YAG matrix is generally known for its strong crystal ﬁeld and large Stark level
splitting, giving broad emission and absorption spectra. As a result, the spectral over-
lap (under RT condition) is relatively low. It is conﬁrmed by calculating the average
absorption coeﬃcient over emission spectrum; the absorption spectrum can be found in
Section 3.3 (see Figure 3.2), while the ﬂuorescence emission spectrum was taken from a
high quality Tm(4 at.%):YAG transparent ceramic [233]. The computed average absorp-
tion coeﬃcient over emission spectrum are 0.28 and 0.42 cm=1 for 4 and 6 at.% samples,
respectively (see Table 3.15). For the largest pinhole's radius used in this investigation,
i.e. rph = 1.2 mm, and higher dopant concentration, i.e. 6at.%, the pinhole method's
approximation condition is met, namely
rphα¯e = 0.05 1
The average refractive index was estimated from the Sellmeier equation with coeﬃcients
taken from Zelmon et al. [365] yielding n¯ = 1.8 between the 1.5 and 2.3 µm spectral
range. Therefore, the critical angle (see Equation 2.55) is φc ≈ 34° and about 8% of
outgoing ﬂuorescence was reﬂected into the sample at small incidence angles (Fresnel
reﬂection).
Tm:YAP For the Tm:YAP crystals, very high values of ﬂuorescence lifetime measured
without any pinhole were observed (see Table 3.15). It is interesting that the majority
of published values are in close range of the derived ﬂuorescence lifetimes, whereas the
lifetimes measured without pinholes are seemingly overestimated. This unique behaviour
might be accounted for a home-made AR coating deposited onto the samples, which was
designed for normal (zero) angle of incidence (AOI). However, the experimental arrange-
ment (see Figure 3.57) forced the samples' position at 45°AOI with respect to the detector
and collecting optics, and so the further investigation would be required. Nevertheless,
the derived ﬂuorescence lifetime are much shorter and more similar to the previously
reported values (see Table 3.16). For this material, the 3H6 → 3F4 GSA and the 3F4
ﬂuorescence spectra have substantial spectral overlap resulting in the high average ab-
sorption coeﬃcient. For calculating the latter quantity, which is polarization-dependent
as a consequence of the anisotropy of the YAG material, the following polarization con-
vention along the crystallographic axes was applied
α¯e =
α¯||a + α¯||b + α¯||c
3
(3.5)
The absorption cross-sections were computed from the GSA cross-sections given in Fig-
ure 3.3 and the emission spectra were taken from Tm(5 at.%):YAP crystal [366]. As
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can be seen from Table 3.15, the average absorption coeﬃcient over emission spectrum
reaches the highest values amongst all the investigated Tm-doped samples, e.g. at 4 at.%
this quantity is more than 5 and more than 3 times higher when compared with Tm:YAG
and Tm:YLF materials, respectively. Consequently, the pinhole method's approximation
condition is only partially met for the largest pinholes and the highest dopant level; in
the worst case the product of rph = 1.2 mm and α¯e = 2.11 cm−1 is 0.25 and it cannot be
said that this value is much less than unity.
The average refractive index evaluated between the 1.5 and 2.1µm, and from the Sell-
meier's coeﬃcients taken from [367], is approximately n¯ = 1.92, resulting in φc = 31°.
Tm:YLF For the uniaxial YLF crystals, the average absorption coeﬃcient over emis-
sion spectrum is calculated from the following polarization convention [190]
α¯e =
2α¯σ + α¯pi
3
(3.6)
As previously, the polarized GSA cross-sections, for this material, can be found in the
previous section of this thesis, namely Figure 3.4, whereas the ﬂuorescence spectra were
estimated from stimulated ECS spectra published by Walsh et al. [190]. This can be
readily done by dividing the stimulated ECS spectra over the wavelength spectrum,
according to the F-L relation (see Equation 2.15)
Pe ∝ σSE
λ5
(3.7)
Except the highest dopant concentration and the largest pinholes, the pinhole method's
approximation condition is quite well-fulﬁlled. This should not be surprising when look-
ing at the 3F4 energy level absorption and emission cross-section, where at RT the spec-
tral overlap is rather poor.
If the samples were uncoated, the TIR eﬀect should be less of an issue due to the low
refractive index of all ﬂuoride crystals. Indeed, the average refractive index within 1.5
and 2.1 µm (calculated from the Sellmeier's coeﬃcients given in [368]) is only n¯ = 1.45,
and therefore the critical angle yields 43°, whereas the Fresnel reﬂection at the interface
of crystal and air would only be around 3% and would not be considered in the analysis.
Tm:KYW and Tm:KYGdLuW Among the investigated materials, thulium-doped
tungstate crystals, i.e. Tm(5 at.%):KYW and Tm(1 at.%):KYGdLuW, are particularly
interesting due to low dependence of ﬂuorescence lifetime for high thulium content. The
chemical composition between these two crystals is similar, but the concentration levels
are diﬀerent. This variation causes only a small deviation in ﬂuorescence lifetime or the
refractive indices. However, the weak Stark level splitting of the relevant energy levels,
typical of the tungstate hosts, leads to a strong spectral overlap between the GSA and
emission spectra. For the calculation purpose, the polarized GSA cross-sections can be
found in Figure 3.6 and Figure 3.5 for KYW and KYGdLuW samples, respectively. The
polarized emission spectra were derived in the same manner as described previously in
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case of Tm:YLF, where the stimulated ECS were calculated with the aid of the RM
(see Subsection 3.5.2). Next, the average absorption coeﬃcients were calculated to be
4.88 cm=1 and 1.00 cm=1 for KYW and KYGdLuW samples, respectively. The former
quantity when multiplied by the pinhole's radii yields values between 0.24 to 0.59, which
do not fully met the pinhole method's approximation condition of being much smaller
than unity, and hence such a substantial uncertainty of the ﬂuorescence lifetime's esti-
mation, i.e. τﬂ = 0.97± 0.25 ms (see Table 3.15). For the other tungstate crystal, the
product of α¯e × rph gives 5 times lower values (as a consequence of lower doping level)
when compared with Tm:KYW sample, hence it can be considered as meeting the pin-
hole method's approximation condition.
The ﬂuorescence lifetime of both tungstate crystals has an inherently low value around
1ms and a weak concentration dependence. That eﬀect was also observed previously for
other RE-doped tungstates, e.g. in Tm:KYbW [343], in Yb:KLuW [246] (lifetime was
determined by the pinhole method) or in codoped Tm,Yb:KYW [369] where lifetime does
not change up to 6 at.% of thulium; however in this example, strong radiation trapping
eﬀect might be presented.
The average refractive index was computed from Bolaños et al. work [370] yielding the
highest values among all investigated crystals, i.e. n¯ ≈ 2.00 between the 1.5 and 2.1µm
spectral range. Consequently, the critical angle is reduced to 30° and approximately
11% of ﬂuorescence is reﬂected at the crystal-air interface for uncoated Tm:KYGdLuW
sample.
In Table 3.16 a large number of up-to-date values of the 3F4 ﬂuorescence lifetimes of
the same Tm-doped materials, have been gathered. The estimated RT quantities are
based either on the JO theory or the F-L relation (see Section 2.2). Owing to the sparse
descriptions of the described samples and poor ﬂuorescence intensity decay patterns'
analysis, readers are encouraged to check references for further information.
Table 3.16: Eﬀective ﬂuorescence lifetimes of the 3F4 manifold in singly Tm-
doped crystals measured or calculated at room temperature.
Host CTm (at.%) τﬂ (ms) Reference
YAG 0.10 10.5 [189]
0.10 12.3b [189]
0.50 8.5 [371]
1.00 8.5 [372]
1.00 11.3 [323]
1.00 11.5 [373]
2.00 11.0 [374]
2.00 12.3± 0.5 [375]
4.00 8.40± 0.07c this work
4.00 3.93a [233]
5.00 8.5 [323]
Continued on next page
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Table 3.16  continued from previous page.
Host CTm (at.%) τﬂ (ms) Reference
6.00 5.5 [137]
6.00 6.39± 0.05c this work
6.00 12.0 [376]
6.00 13.0 [137]
10.0 4.6 [323]
YAP 0.50 7.2± 0.5 [375]
0.70 5.0 [189]
1.00 4.8a [204]
1.00 4.65± 0.25 [366]
1.00 4.7a [377]
1.00 4.46 [323]
1.50 4.67± 0.29c this work
1.50 4.82 [378]
2.00 4.33± 0.12c this work
3.00 4.19± 0.07c this work
3.00 5.0 [379]
3.00 4.66 [378]
4.00 4.42 [378]
4.00 4.01± 0.18c this work
5.00 6.0± 0.5 [375]
5.00 2.04 [380]
5.00 2.16 [323]
10.0 0.73 [366]
10.0 1.6± 0.2 [375]
20.0 0.50± 0.03 [375]
YLF 0.50 15.0b [381]
0.50 9.33a [190]
0.50 15.0 [67]
0.98 11.9b [189]
0.98 15.6 [189]
1.00 16.0 [141]
1.00 14.0 [67]
1.50 16.4± 0.5 [375]
2.00 14.0± 0.5 [358]
2.00 12.17± 0.13c this work
4.00 8.71± 0.17c this work
5.00 7.5 [67]
6.00 6.86± 0.15c this work
8.00 12.17± 0.13c this work
10.0 6.0 [67]
KYGdLuW 1.00 1.23± 0.09c this work
Continued on next page
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Table 3.16  continued from previous page.
Host CTm (at.%) τﬂ (ms) Reference
KYW 5.00 0.97± 0.25c this work
5.00 1.11 [320]
5.00 1.13a [320]
15.0 1.47 [382]
a calculated from Judd-Ofelt theory.
b derived from FüchtbauerLadenburg relation.
c measured with the aid of pinhole method.
3.7 Chapter summary
This chapter provides essential optical spectroscopy measurements and analysis, to de-
velop a better understanding of the potential UC laser materials emitting in UV and
purple-blue spectral regions.
A short review of each pure (undoped) crystals was gathered in Table 3.1, from which
it can be inferred that YVO material, having inherently very strong transition cross-
sections, has relatively short transmission range in UV spectral region, its starts absorb-
ing below 370 nm wavelength. Therefore, some of downwards transitions of Nd3+ ion
originating from the 2P3/2 and 4D3/2 manifolds would be aﬀected by the host's absorp-
tion. In the same manner, the 1D2 → 3H6 and 1I6 → 3F4 laser transitions of Tm3+
would not be feasible.
Surprisingly, for LaF being the most successful upconversion laser host material doped
with Nd3+ ion, at RT the multiphonon decay rate from the 4D3/2 energy level (ap-
proximately 1500 cm=1 above the next adjacent energy level) is on the same order as
for YAG and yttrium oxide (YO) crystals and only 10-30 times lower than for YAP,
YLF or yttrium orthosilicate (YSO). At the same time, it is expected that the multi-
phonon decay in KYW and YVO media would dominate over radiative transition for
the aforementioned manifold, unless the materials operate under low temperature condi-
tion. Similar conclusions can be drawn for other metastable energy level, namely 2P3/2,
separated from the next lower energy state by ≈2100 cm=1 (see Figure 3.1).
The polarized GSA spectra, at RT, were measured in order to understand what emission
bands (for targeted high-lying energy levels) are optically transparent, i.e. what wave-
lengths are free of absorption within the 350 to 500 nm spectral range. The GSA spectra
support wavelength selection for eﬃcient pumping wavelengths, especially important for
the 3H6 → 3F4 absorption band of Tm-doped materials. Moreover, based on the abso-
lute absorption spectra of Tm:YLF, a set of polarized JO intensity parameters is derived
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and use in the subsequent calculation of spectroscopic quantities, e.g. branching ratios,
oscillator strengths or radiative lifetimes (see Appendix D).
The polarized ESA spectra were measured, under RT condition, from the long-lived
metastable energy levels utilizing the pump-probe technique. The probe sources were
high brightness LEDs emitting within the spectral ranges corresponding to high power
SDLs, namely 440 to 480 nm and 630 to 690 nm wavelengths.
For trivalent Nd ion, it was found that the 4F3/2 → 2P3/2 transition is extremely weak
and thus unpractical for double-excitation approach. The second investigated spectral
range was for purple-blue light emission, and revealed quite high (for these particular
materials, i.e. YAG, YAP and YLF) ESA cross-sections between 1 to 2 pm2. Exceptions
are Nd:YSO for which the ESA is signiﬁcant below the spectral range of interest, i.e.
<440 nm wavelength, and Nd:YVO which exhibits ESA to the host matrix.
Within the same spectral ranges, the polarized ESA spectra of Tm3+ ion originating
from the 3F4 energy level were established. At the longer wavelengths, corresponding
to the 3F4 → 1G4 transition, all the investigated Tm-doped materials, except Tm:YAG,
have moderate ESA cross-sections concentrated around 650 nm wavelength, as can be
seen in Table 3.5. Tm:KYW turns out to be a disappointing material at this transition,
due to surprisingly weak cross-section; in general, tungstate crystals possess inherently
high transition cross-sections, but this is not the case for this particular transition. Addi-
tionally, in the case of Tm:YLF, a clariﬁcation of an ambiguity of reported ESA spectra
at similar wavelengths around 650 nm (the 3H4 → 1D2 transition) was done [311, 175].
On the other hand, the 3F4 → 1D2 transition revealed strong (Tm:YAG and Tm:YLF),
very strong (Tm:YAP) and extremely strong12 (Tm:KYW) cross-sections. For the latter
crystal, the peak value for the E‖Nm polarization is 57 pm2 at 453.4 nm wavelength,
being one of the strongest absorption cross-sections measured for RE3+-doped materi-
als. Furthermore, the ESA spectra are spectrally separated from the GSA spectra, an
exception is Tm:YAG, but the overlapping region is of minor importance because the
ESA peak occurs at shorter wavelength, i.e. 448.2 nm.
Detailed analyses of both RE ions are included in Section 3.4.
The stimulated emission spectra were derived from the previously determined GSA and
ESA spectra utilizing the RM; however, for Nd-doped media the strongest emissions
terminate in the 4I11/2 energy level rather than in the ground-state manifold, and hence
the ECS has not been calculated in this study. In Tm-doped materials, ﬁve spectral
regions were estimated, where 3 of them (3F4 → 3H6, 1G4 → 3F4 and 1D2 → 3F4)
provide knowledge of stimulated emission at pump wavelengths and the rest were used
to estimate the net gain cross-sections from the 1G4 and 1D2 metastable energy levels
into the 3H6 ground-state level; see Chapter 5 related to UC laser gain considerations.
12It should be noted that, despite extremely high values of the ESA cross-sections of the 3F4 → 1D2
transition the experimental setup was capable of properly resolving those quantities, emphasizing its
superior performance.
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Table 3.17: Summary of the derived peak values of stimulated emission cross-
sections of Tm-doped crystals.
Tm:YAG Tm:YAP Tm:YLF Tm:KYW
3F4 → 3H6
σSE (pm2) 0.12 0.85 0.36 3.75
λ (nm) 1881.0 1776.7 1879.3 1839.6
∆ν (nm) 15.0 30.2 26.3 ≈95
Polarization n/a E‖b pi-pol. E‖Nm
1G4 → 3H6
σSE (pm2) 0.27 0.46 0.27 2.67
λ (nm) 485.7 475.7 483.2 476.5
∆ν (nm) 1.2 1.1 1.5 ≈3.0
Polarization n/a E‖a pi-pol. E‖Nm
1D2 → 3H6
σSE (pm2) 1.45 6.49 2.39 8.59
λ (nm) 364.7 368.3 361.5 366.0
∆ν (nm) 1.6 2.0 2.1 ≈3.0
Polarization n/a E‖b pi-pol. E‖Nm
1G4 → 3F4
σSE (pm2) 0.14 1.57 1.03 1.11
λ (nm) 649.5 649.6 648.3 649.4
∆ν (nm) 1.0 0.9 1.4 2.9
Polarization n/a E‖a pi-pol. E‖Nm
1D2 → 3F4
σSE (pm2) 2.8 17.1 3.7 108
λ (nm) 455.2 454.9 449.9 453.9
∆ν (nm) ≈0.9 0.7 1.1 1.7
Polarization n/a E‖a pi-pol. E‖Nm
The 2 micron ﬂuorescence lifetime of Tm3+-doped crystals, utilizing the pinhole method,
was investigated. For some of the materials, namely Tm:YAP and Tm:YLF, a study of
various dopant concentrations is given. The results are listed in Table 3.14 and compared
with prior literature data in Table 3.16.
The pinhole method can be cautiously applicable to RE-doped materials with either
low dopant concentration and under low excitation level of active ions in order to avoid
misleading energy transfer phenomena, such as ETU or CR. Nevertheless, in some cases,
e.g. in materials containing high content of active luminescence centres, the inevitable
interionic processes cannot be prevented, then the pinhole method provides an eﬀective
ﬂuorescence lifetime, i.e. an intrinsic ﬂuorescence lifetime shortened by the non-radiative
transitions (see Subsection 2.4.3 for further details).
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The pinhole method is a relatively new measurement technique which has been applied
to various RE-doped materials, e.g. ytterbium [246, 235] and thulium [233, 246]. The
outcome of those results seems to resolve the reabsorption-free ﬂuorescence lifetimes
better than any other non-destructive techniques. To the best knowledge of the author
of this thesis, such thorough analyses for Tm-doped materials, have been performed for
the ﬁrst time.

Chapter 4
Planar waveguide lasers operating
at 2 µm wavelength
4.1 Introduction
Solid-state lasers emitting near 2 µm wavelengths are of great interest for many appli-
cations in the scientiﬁc, defence (e.g. gas sensing or lidar1) and medical ﬁelds due to
their eye-safe spectral range [383] and strong overlaps with the absorption wavelength of
atmospheric constituents such as water vapour and CO2. This leads to an additional loss
in an external cavity by means of partial absorption of the ﬂuorescence in the vicinity
of 2 µm wavelength. This eﬀect is clearly observable while taking a measurement of ﬂu-
orescence spectrum with the aid of optical spectrum analyser (OSA) inside a laboratory
under normal conditions, i.e. no extra precaution to ensure low level of humidity or
reduced amount of CO2 (see Figure 4.24).
High power laser emitting at around 2 µm wavelength mostly occurs in the trivalent
thulium (Tm) and holmium (Ho) rare earth (RE) ions, whereupon their terminal laser
levels are thermally-populated Stark energy levels in the ground-states. Therefore,
the lasers operate in the quasi-three-level laser scheme. Tm3+ ions embedded into
various dielectric hosts are known as eﬃcient, broadly tunable 2 micron wavelength
sources, exhibiting long ﬂuorescence lifetimes, high stimulated emission cross-sections
at the 3F4 → 3H6 transition and strong absorption band overlapping with high power
semiconductor diode lasers (SDLs) around 800 nm spectral range. Normally, the associ-
ated quantum defect for emission in this regime would be prohibitive for power-scaling
purposes. However, fortuitously, thulium ions beneﬁt from an eﬃciency-enhancing cross-
relaxation (CR) process that can lead to two ions in the upper laser level for one pump
1A system for detecting the presence of objects or ascertaining their position or motion which works on
the principle of radar, but uses laser radiation instead of microwaves. Although, it is commonly believed
that lidar is an acronym of Light Detection And Ranging, however according to the ﬁrst published articles
and the Oxford English Dictionary it is a portmanteau of light and radar words.
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photon. Consequently, it is usual to optimise the concentration of the Tm impurity to
maximise the performance attributes of these lasers [384, 385, 378, 369, 130]. This mani-
fests either in terms of the laser threshold condition, susceptibility to excited-state energy
transfer processes or for enhancing the energy storage capacity and hence pulse-energy
extractable from the gain medium.
Three laser experiments, utilizing diﬀerent planar waveguide structures doped with triva-
lent thulium or neodymium RE ions, have been conducted in order to evaluate their
potential for operating as the gain element for an upconversion (UC) laser. Based upon
these materials and the geometry, as well as to highlight the continuous wave (CW) las-
ing potential of these planar waveguide lasers (PWLs) for the 2µm wavelength regime.
For all of the samples optical resonators were either monolithic (dielectric layers de-
posited directly onto the end-facets) or quasi-monolithic (butt-coupled laser mirrors),
thus without any control over the cavity mode in the unguided direction and for each
case end-pumping was employed. A detail description of each waveguide, characteriza-
tion and laser performance at room temperature (RT) can be found in respective section
of this chapter.
4.2 Monolithic 1.8 µm Nd:YAG planar waveguide laser
A novel investigation of a planar waveguide laser operating on the weak electronic tran-
sition, 4F3/2 → 4I15/2 of Nd3+:YAG at 1.83 µm, employing a waveguide with a large
core and fabricated via the direct bonding technique is the subject of the following
section. Undoubtedly, in the 2 micron wavelength region Tm- and Ho-doped materi-
als are far superior than Nd-doped laser systems primarily due to a stronger emission
cross-sections (ECSs), longer lifetimes and lower quantum defects. However as a novel
approach and for scientiﬁc curiosity, a compact source utilizing one of the most widely
used lasing medium, namely Nd:YAG is demonstrated. To the best knowledge of the au-
thor of this thesis, the maximum CW output power generated for this transition, 400mW
with a slope eﬃciency of 2% with respect to absorbed optical pump power [163], is the
highest value published so far.
In many highly cited articles, such as Singh et al. [187], Kushida et al. [386] or Aull and
Jenssen [195] this radiative transition has not even been included in the authors' anal-
yses due to the almost inconsequential importance of the spectroscopic parameters for
typical Nd:YAG laser performance. Moreover, there is scarce information about CW and
pulsed laser operation or spectroscopy to be found in the literature, e.g. [387, 388, 389].
Danielmeyer in his work casts some light in this matter [112], where it is reported that
the intermanifold ﬂuorescence branching ratio of 4F3/2 → 4I15/2 transition is lower than
1%.
Key to operating on this transition is suppression of other transitions with much higher
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Figure 4.1: Partial energy diagram of Nd:YAG with the strongest radiative
transitions of each manifolds.
ECSs, particulary the dominant 1064 nm laser line, i.e. the 4F3/2 → 4I11/2 transition.
The investigated 4F3/2 → 4I15/2 transition has a four-level laser character, where the
4I15/2 terminal laser level is well above the ground-state manifold and is quickly de-
populated by multiphonon transitions. As detailed in the Introduction chapter (see
Subsection 1.2.3) the main quenching mechanism of the 4F3/2 manifold are: energy-
transfer upconversion (ETU) and CR. For this transition, a strong optical pumping is
required to achieve suﬃcient population inversion and gain, which has to contend with
these additional de-excitation processes.
4.2.1 Waveguide characterization
The planar waveguide structure, fabricated by Onyx Optics2 using their Adhesive-Free
Bonding (AFB) patented technology, is illustrated in Figure 4.2. It had an 18 µm core
2Onyx Optics, Inc. Located in Dublin, CA (USA); homepage: http:http://www.onyxoptics.com
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thickness doped with 1 at.% of Nd3+ sandwiched between two undoped yttrium alu-
minum garnet (YAG) and sapphire3 slabs. The lower sapphire layer was polished down
to allow better heat exchange between the active area and a water-cooled heat sink. A
single-pass pump conﬁguration was set up.
sapphire
sapphire
YAG
YAG
Nd:YAG
300 µm
3 mm
8.5 µm
10.5 µm
18 µm
5 mm
10
 m
m
x
y
z
(a)
18
 µ
m
37
 µ
m
sapphire
sapphire
x
y
Nd:YAG
YAG
YAG
(b)
Figure 4.2: Structure of double-clad Nd:YAG planar waveguide: (a) schematic,
(b) real photo of one of the waveguide end-facet.
Both end-faces were ﬂat-parallel polished and coated with dielectric mirrors, constituting
a monolithic cavity, with reﬂectivity values HR ≥ 99 % and Roc = 95 % around 1.83µm.
In order to suppress parasitic lasing from inherently much stronger transitions i.e. 946,
1064 and 1338 nm both end-facets had high-transmission (HT) dielectric optical coat-
ing (HT ≈ 95 %). Figure 4.3 depicts the spectral transmittance curves of the coating
deposited onto the waveguide ends.
From the modelling theory, presented in Section 2.8, it is estimated that the waveg-
uide core is single-mode (degenerated TE0 and TM0 mode) at the laser wavelength, i.e.
1833 nm. In the calculations the refractive index of waveguide's inner clad was taken
from Zelmon et al. [365] for undoped YAG nYAG = nincl = 1.80296, whereas the refrac-
tive index of waveguide's core was derived to be nNd:YAG = nco = 1.80336 according
to the rule proposed by Akhmetov et al. [390] in which the refractive index increases
3Sapphire is an anisotropic uniaxial crystal. It is also known as alpha-alumina (α-Al2O3). The
combination of favourable chemical, electrical, mechanical, optical, surface, thermal, and durability
properties make sapphire a preferred material for high performance system and component designs. Due
to unique properties and wide optical transmission range (0.2 to 5.5µm) sapphire is used as the material
for production of ultraviolet (UV), visible light (VIS) and infrared (IR) optics for operation under critical
conditions like high temperature, high pressure, chemically aggressive or abrasive environment.
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Figure 4.3: Spectral transmittance of dielectric layers deposited onto the
Nd:YAG waveguide end-facets (curves received from thin ﬁlm manufacturer SLS
Optics Ltd).
every 0.0004 per 1 at.% of Nd:YAG with respect to pure YAG material. Thus, the cal-
culated numerical aperture of the waveguiding core, NAco, is approximately 0.04 from
Equation 2.116.
4.2.2 Experimental setup
The active laser crystal was pumped with 2 semiconductor diode laser bars (SDLBs)
operating around 808 nm wavelength. The 1 cm diode bars, consisted of 19 emitters (at a
pitch of 0.5mm) were made of aluminum gallium arsenide (AlGaAs) semiconductor. The
output beams were collimated with micro-optics for both emitting axes (with respect to
the waveguide). The CW maximum pump power, Pmaxp , was approximately 40W. The
central emission wavelength, λc, as well as the full width at half maximum (FWHM)
was temperature-dependent. Therefore, the diode bars were mounted on a water-cooled
heat sink for temperature stabilization. Additionally, Volume Bragg Gratings (VBGs)
were added as a narrowband feedback, reducing the FWHM from ≈5 nm to 0.2 nm and
clamping the λc to 807.6± 0.1 nm, as shown in Figure 4.4. A VBG is crucial when
the absorption spectrum of a given material has a narrower linewidth than the typical
emission spectrum of the pumping source.4 Noteworthy, at this pump wavelength the
eﬀective absorption cross-section is σabs ≈ 3.3 pm2, which is not quite at the absorption
peak of this material (σabs = 10 pm2 at 808.7 nm wavelength as taken from [325]), but
still suﬃcient to be nearly fully absorbed (excluding geometrical factor in Equation 2.96)
4Physically, these transparent elements are small glass cubes or parallelograms with a periodic varia-
tion of refractive index meeting the Bragg condition. VBGs are robust and easy to handle, well-suited for
high temperature processing and automated manufacturing. They can be design as perfect reﬂectors or
partially transmissive mirrors. The former case is a commonplace wavelength selector in tunable optical
resonators (instead of diﬀraction grating) e.g. [391] and the former application serves as a wavelength
locking of SDL e.g. [392].
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along 1 cm crystal length under low excitation condition
η′abs = 1− exp (−σabsNtot lc) (4.1)
Therefore, the fractional single-pass absorbed pump power for the given quantities yields
η′abs ≈ 99 %.
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Figure 4.4: Optical characteristics of semiconductor laser diode bars with and
without mounted VBGs: (a) power as a function of driven current, (b) emission
spectrum measured at CW 30W of the pump power.
The experimental setup is sketched in Figure 4.5.
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Figure 4.5: Experimental end-pumping conﬁguration: (a) top view, (b) side
view. The focal lengths of the cylindrical lenses are as follows: fx1 = 75 mm,
fx2 = 130 mm, fx3 = 100 mm, fy1 = 60 mm, fy2 = 130 mm and for the aspheric
lens fasp = 8 mm.
Due to the fact that some of the emitters in the SDLBs had been damaged, a spatial
rearrangement was achieved using a two-mirror beam-shaper [162], resulting in improve-
ment of optical pump beam quality in the X-direction (unguided, horizontal). Figure 4.6
illustrates near-ﬁeld images of incoming and outgoing optical pump beams after triple
division and horizontal stacking, i.e. for one diode bar having 19 emitters in line the new
conﬁguration gave 3 lines with 6 + 6 + 7 emitters within a row. As expected, the beam
quality factors closely reﬂect such rearrangement, namely in the horizontal direction
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beam quality factor has been reduced from 345 to 140, whereas in the vertical direction
beam quality factor increased from 16 to 49. Discrepancy in the former direction is due
to some dead emitters, smile eﬀect5 and alignment of the beam-shaper.
(a)
(b)
Figure 4.6: Near-ﬁeld photos of diode bars emitters arrangement: (a) incoming
beam (b) after beam-shaper. Picture are not in scale and taken with two diﬀerent
cameras: (a) CCD and (b) CMOS.
The beam quality factor in the guided direction is degraded after the beam-shaper but it
is acceptable considering the large numerical aperture of waveguide's clad,NAcl = 0.47,
estimated from Equation 2.116 where at the pump wavelength, i.e. 808 nm the refractive
indices for inner (undoped YAG [365]) and outer (ordinary refractive index of sapphire
[393]) clads are nYAG = nincl = 1.82115 and nsapphire = n
out
cl = 1.75992, respectively. From
Equation 2.117 and for the inner clad thickness of 37 µm, it is expected that the limiting
beam quality factor be M2y = 22± 2. The beam quality mismatch in the waveguide
guided direction will result in optical pump power loss, however, the amount of this loss
was unquantiﬁed due to the optical pump beam structure being comprised of multiple
incoherent point sources (broad-stripe semiconductor emitters) with some of them being
destroyed (see Figure 4.6).
Two afocal6 telescopes were placed after the beam-shaper. The aim of the lenses ar-
rangement in the vertical direction (guided) was to ﬁll the whole clear aperture (CA)7 of
the aspheric lens (Thorlabs C240TM-B) having 8mm eﬀective focal length (EFL) and
0.5 NA (comparable with the numerical aperture of waveguide's clad prior estimated).
Hence, the afocal telescope, comprised of two cylindrical lenses with the following focal
lengths fy1 = 60 mm and fy2 = 130 mm, was set up. In the other pump beam prop-
agation direction i.e. horizontal (unguided) the optical pump beam, after leaving the
5The smile manifests in a characteristic slight bend of the emitters in the diode bar or diode stack.
It prevents the fast-axis collimation by microlensing positioned for all points along the line of emitters,
resulting in poor overall optical beam divergence and power lost.
6In optics an afocal system produces an inﬁnite eﬀective focal length (EFL) for an emerging, colli-
mated optical beam that may diﬀer either in size or divergence with respect to an incident, collimated
beam. An example of this type of afocal system is the galilean telescope.
7Clear aperture is an area of an optical system limiting light-gathering its capability. Due to tech-
nology constraints such as optical ﬁnish or anti-reﬂective (AR) coatings applied to whole surface, it is
deﬁned by manufacturers to meet their speciﬁcations. Usually for a spherical lens the CA is about 90%
of the diameter.
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Figure 4.7: Characterization of the pump beam in slow- and fast-axis in the free
space. Points are experimental results and solid lines are the best ﬁts with a
Gaussian beam. The inset is the the vicinity of the beam waist in fast-axis. For
the graph's clarity, the uncertainties of each measured point are not shown.
beam-shaper, was slightly converging with the aid of near-afocal telescope made of a
100mm focal length cylindrical lens and the aspheric lens.
The optical pump beam width values were deﬁned based on the ISO 11146-1:2005(E)
standard [394] with the aid of a complementary metaloxidesemiconductor (CMOS)
camera (WinCamD with a silicon chip). Next, the optical beam waists estimated from
Gaussian ﬁtting after the ﬁnal aspheric lens were 23± 1µm and 243± 32µm in the
guided and unguided pumping directions, respectively. An approximately 1mm separa-
tion of focal planes (optical beam in the guided direction focused 1mm closer than in the
orthogonal direction) was introduced in order to keep the optical pump beam uniform
within the gain medium. Curves representing beams evolution, in the free space, along
the waveguide propagation direction are depicted in Figure 4.7.
4.2.3 Laser performance
The threshold pump power was estimated via the relaxation oscillations method de-
scribed in Section 2.10. The optical pump beam was chopped with a mechanical chopper
at low frequency, i.e. 35Hz and the signal was recorded by a fast indium gallium ar-
senide (InGaAs) semiconductor photodiode (Thorlabs DET10D) connected to a digital
oscilloscope (Tektronix MSO70804). The CW threshold pump power was found to be
Ppth = 5.8± 0.4 W. The laser output power for the incident pump power is illustrated
in Figure 4.8a. For the maximum pump power a 1.36± 0.07W of the laser optical power
was achieved. A linear ﬁt of the measurement points indicates no rolling over feature.
Furthermore, as it can be expected for the four-level laser, the laser power rises linearly
after the threshold pump power. The slope eﬃciency with respect to the incident op-
tical pump power is ηs ≈ 8 %. This quantity is lower than the approximate theoretical
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value (see Equation 2.90 for a weak coupling approximation), excluding the fractional
single-pass absorbed pump power which could not be easily determined
ηs′ = λp
λl
Toc
Toc + Ltot
(4.2)
where the round-trip cavity loss Ltot = 9 % is estimated from the Equation 2.92 for
the propagation loss coeﬃcient γ = 0.2 dB cm−1 (or 0.045 cm=1) [165], giving a pre-
dicted limit for the slope eﬃciency of around 16%. The laser emission spectrum of
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Figure 4.8: Laser performance versus incident pump power Pp: (a) CW out-
put power, (b) emission spectrum with central emission wavelength (points are
experimental results and solid line is the best linear ﬁt).
the 4F3/2 → 4I15/2 transition was measured for diﬀerent optical pump powers (see Fig-
ure 4.8b) using a 0.5m Dongwoo Optron DM500 spectrophotometer. The FWHM value
is ﬁxed at 0.7 nm, despite the fact that central emission wavelength shifts towards longer
wavelengths with increasing optical pump power. This phenomenon is common in Nd-
doped laser gain materials and has been reported in many laser hosts, e.g. Nd:YAG
[395], Nd:LaF [396] or Nd:YLF [397]. Furthermore, this shift of wavelengths can drift
either into longer (red shift) or shorter (blue shift) range with increase of material tem-
perature due to diﬀerent thermal expansion coeﬃcients for initial and terminal Stark
levels between which a radiative transition occurs. Therefore, a slightly altered energy
sublevels can be found in the literature, e.g. Kaminskii's book [121] at RT and at some
low temperature, such as 77K (liquid nitrogen).
During laser action, and within the available optical pump power, no laser thresholds for
any of the other stronger transitions of Nd:YAG were reached. Nonetheless, a signiﬁcant
level of ampliﬁed spontaneous emission (ASE) was observed with probing for scattered
light using a ﬁbre-coupled OSA.
Unfortunately, further investigation of the laser performance was disrupted by a damage
of the optical coatings due to contamination and the intensive pumping process, initially
on one side and later on the other side of the waveguide (see Figure 4.9). However, before
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that happened, roughly measured beam quality factors had been M2y = 2.5± 1.0 and
M2x = 15± 5 in the guided and unguided directions, respectively.
Figure 4.9: Catastrophic optical damage of waveguide both end-facets.
4.2.4 Discussion
With the aid of Equation 2.68 adapted for a four-level laser transition (no reabsorption
loss), namely 1064 nm and 1833 nm, and neglecting all quenching mechanisms, the ratio
of gain coeﬃcients of these two transitions is given by
g1064
g1833
∝ σ
1064
SE
σ1833SE
(4.3)
where σ1064SE and σ
1833
SE are the eﬀective ECS at the indicated wavelengths. At RT, the
former quantity is σ1064SE = 28 pm
2 as taken from high resolution spectroscopic data (see
Figure 5 in Appendix chapter in Czeranowsky's thesis [325]) or Koechner's book [109]
(see Table 2.2). Actually, the laser line around 1064 nm consists of two closely sepa-
rated Lorentzian lines (R2 → Y3 and R1 → Y2 depicted in Figure 4.1) and therefore
the emission cross-section is a combination of them [386]. The value of σ1833SE has only
been obtained from theoretical ﬁt to achieved laser output curve [165], where the author
reported inter-Stark (atomic or temperature-independent) emission cross-section to be
1.2 pm2. Nonetheless, it could be possible to derive the stimulated emission cross-section
via FüchtbauerLadenburg (F-L) relation (see Equation 2.15) if the spectral ﬂuorescence
intensity is known. Unfortunately, such spectrum could not have been found in the liter-
ature nor from experiment due to lack of an appropriate OSA at the wavelength range.
Although, Danielmeyer [112] has included a relative ﬂuorescence intensity spectrum but
it only shows wavelength up to 1.85 µm, whereas the possible inter-Stark transitions
spread from 1.74 to 2.13 µm according to Stark energy levels, e.g. Kaminskii's book
[121]. In case of Nd:YAG nanocrystals [398], the authors have presented the ﬂuorescence
spectra from the 4F3/2 manifold, however their spectrum at around 2 µm is odd and as-
signment of the 4I15/2 energy sublevels are utterly diﬀerent to those which can be found
in the literature, e.g. [389, 112].
Therefore, the peak emission cross-section at this wavelength can be derived from Equa-
tion 2.10 based on method presented in Section 2.3. The spectroscopic parameters used
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for the calculation are listed in Table 4.1. To check the reasonableness of the obtained
value, the Nd:YAG well-resolved eﬀective stimulated emission cross-sections at other
wavelengths, i.e. 946, 1064 and 1338 nm are computed and compared with the values
available in the literature.
4F3/2 → 4I9/2 4F3/2 → 4I11/2 4F3/2 → 4I13/2 4F3/2 → 4I15/2
τR (µs) 260± 20 [143, 399]
∆EJ (cm=1) 84 [126]
g(ν) homogeneously broadened [187]
Upper sublevel R1 R2 R2 R1 [126]
fB 0.6 0.4 0.4 0.6
Lower sublevel Z5 Y3 X3 W4a
λ (nm) 946.1 1064.2 1338.2 1833.0b
n [365] 1.817 1.815 1.810 1.803
∆ν (cm=1) 9.0 [187] 5.0 [400] 9.0 [187] 9± 3
β(J ; J ′)* 0.039 [389] 0.140 [389] 0.020 [389] 0.003 [126]
σSE (pm2) 5.7 30.4 6.0 1.7± 0.3c
a From Marling [401]. In contrast Danielmeyer is his works [112, 126] has assign
the terminal level as W5, but it seems incorrect when considering the neodymium's
energy levels, namely (after Kaminskii's book [121]): R1 → W4 = 1833 nm and
R1 → W5 = 2059 nm.
b From Wallace [387].
c See text for further explanation.
Table 4.1: Room temperature spectroscopic parameters of Nd:YAG used to
calculate the eﬀective stimulated emission cross-sections.
As can be seen in Table 4.1, the calculated values are very similar (with some exper-
imental uncertainties) to prior reported ECSs, e.g. σ1064SE = 28 pm
2 [109, 188, 325] or
σ946SE = 5.3 pm
2 [195]. The discrepancy mainly arises from uncertainties of the inter-
Stark ﬂuorescence branching ratio and spectral lineshape function parameters.
For the investigated laser line, the ﬂuorescence branching ratio is 0.003 (at room tem-
perature) given by Danielmeyer [126] is supposed to be for inter-Stark R1 → W5 tran-
sition, however the same number can be found in Krupke's work [143] in terms of the
4F3/2 → 4I15/2 intermanifold transition. That might result in signiﬁcant overestimation
of the emission cross-section value. Furthermore, the spectral FWHM bandwidth of
this transition is unknown, even if the laser spectrum is given, as shown in Figure 4.8b,
it cannot be taken for calculation due to required circulating optical intensity in the
laser cavity to meet laser threshold condition. Nonetheless, according to a partial emis-
sion spectrum [126] it is expected that the inter-Stark ﬂuorescence branching ratio of
the R1 → W5 transition is about 5 times lower, yielding the eﬀective emission cross-
section to be σ1833SE = 0.4± 0.1 pm2. Thus, the gain ratio, given in Equation 4.3, is
σ1.064SE /σ
1.833
SE ≈ 76. Such extreme diﬀerence inevitably causes gain competition between
these two radiative transitions.
As mentioned before, the reﬂectivity of the dielectric optical coatings applied to the both
waveguide ends were low enough to prevent a suﬃcient feedback to initiate laser action for
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the 1064 nm transition. These values were 5% and 6% at R10641 and R
1064
2 , respectively
(see Figure 4.3). Assuming the same propagation losses, i.e. γ = 0.2 dB cm−1 for the
competing wavelengths and crystal length lc = 1 cm, the gain threshold ratio estimated
from Equation 2.85 gives
g1064th
g1833th
=
2lcγ − ln(R10641 R10642 )
2lcγ − ln(R1833oc )
≈ 42 (4.4)
That means for the quasi-monolithic optical cavity used in this experiment, the laser gain
threshold at the 4F3/2 → 4I11/2 transition must be at least 42 times higher than for the
1833 nm laser line. On the other hand, the gain ratio approximated by σ1064SE /σ
1833
SE favours
the former transition and thus laser action should be initiated at 1833 nm wavelength.
This simple analysis, however, does not take into account such eﬀects as ground-state
bleaching (GSB), excited-state absorption (ESA) from the 4F3/2 level at laser wave-
lengths or ground-state absorption (GSA) of the 4I9/2 → 4I15/2 transition at 1833 nm
(see Figure 8 in [126]). Furthermore, as already explained in the Introduction chap-
ter (see Subsection 1.2.3) other quenching mechanisms, such as ETU, CR and energy
migration (EM) exist and play an important role in systems with a highly bleached
ground-state manifolds [146, 124].
ESA at the pump wavelength, the 4F3/2 → 2D(1)5/2 transition, has a very small tran-
sition cross-section as measured by Kück et al. (see Figure 7 in [402]). This obser-
vation is supported by the electric dipole line strengths8 estimated by Krupke [143]
StED(J ; J
′) = 3.31× 10−20 cm2 and StED(J ; J ′) = 0.04× 10−20 cm2 for the GSA and
ESA transitions, respectively. Consequently, it can be inferred that the 4F3/2 excited-ion
population is unlikely to be de-excited by the optical pump ﬂux. On the other hand, it
is likely that ESA from the 4F3/2 energy level exists at 1833 nm when considering the
energy levels of Nd:YAG [121], however no such investigation has been performed for the
sake of this thesis or published in the past.9
ASE at the strongest 1064 nm transition was clearly observable during waveguide pump-
ing process, even after reaching the threshold pump power at 1833 nm wavelength it
did not vanish. This detrimental eﬀect degrades laser performance and in the case of
a weak emission can even prevent oscillation [403] embezzling the available gain and so
competing with the 1833 nm transition. Such competition was clearly observed during
waveguide positioning with respect to the incident optical pump beam, namely when the
laser power increased then the ASE decreased, and vice versa. A possibility to ameliorate
the ASE phenomenon might be the implementation of an external optical resonator to
attain a better control over the radius of optical pump beam in the unguided direction
and hence optimise the overlap with the radius of optical resonator mode.
8The magnetic dipole (MD) transitions in Nd-doped materials are very weak and thus they are
generally not taken into consideration (see Table 3.11 in Kaminskii's book [121]).
9The room temperature ESA of Nd:YAG was conducted by Kück et al. [402] but the targets were
spectral ranges corresponding to radiative transitions from the 4F3/2 manifold into
4I9/2,
4I11/2 and
4I13/2 energy levels only.
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To sum up, the aim of that experiment was to demonstrate the exceptional PWL advan-
tage for the low emission cross-section of the 4F3/2 → 4I15/2 transition. The preliminary
results would have been even better if the waveguide's dielectric coatings had not been
damaged. With careful engineering, an appropriate pumping source and a pertinent cool-
ing system, it is expected the laser performance could be improved by means of lower
cavity losses compared with useful output coupling and using techniques to disrupt the
build up of the 1064 nm ASE, e.g. by selecting a suitably absorbing waveguide's inner
clad material.
Nevertheless, for high power CW and pulsed laser operations, trivalent Tm and Ho
ions are really the active centres of choice. Using these RE ions a variety of lasers
are already well-documented for numerous crystalline and glass hosts and shaped into
diﬀerent geometries. An excellent review about such lasers can be found in Walsh's
review [404].
4.3 In-band pumped Tm-doped tungstate waveguide
Monoclinic double tungstate crystals doped with trivalent RE ions are very promising
materials for solid-state lasers operating at RT, both in pulsed and CW mode. Their
low threshold pump power, high slope eﬃciency, fairly high and broad absorption pump
peaks, very broad and high gain bandwidth around 2µm wavelength range, opens vast
range of applications, e.g. wide tunability, shorter pulse durations from mode-locked
lasers, high power lasers or compatibility with integrated waveguide techniques due to
high refractive indices. These materials are birefringent, RE ions doping concentration
can be very high without signiﬁcant quenching eﬀects and have a high Raman gain coeﬃ-
cient. Until now, most of the tungstate PWLs have focused on either Yb3+ [405, 406, 407]
or Tm3+ [408, 370, 409, 319] luminescent centres. However, ongoing research includes
other trivalent lanthanide ions, namely erbium (Er), terbium (Tb) and dysprosium (Dy)
[410, 411, 412, 413].
In numerous cases of channel waveguides laser action was obtained in mirroless laser
conﬁguration10 with moderate laser output powers and slope eﬃciencies as high as 58%
[414] or 70% [415].
This section details an attempt at building PWL utilizing an epitaxial waveguide struc-
ture based on Tm:KYGdLuW deposited onto potassium yttrium tungstate (KYW) sub-
strate. Albeit, the laser threshold has not been reached, to the best knowledge of the
author of this thesis, the in-band (resonant) 3F4 diode-pumped conﬁguration was the ﬁrst
ever approach applied to Tm-doped tungstate waveguides. Prior, Troshin et al. [320]
achieved CW lasing in bulk 5 at.% Tm:KYW under laser diode pumping at 1.75 µm with
10In solid-state lasers community the term mirroless is used to describe a situation where the gain
material has a signal feedback from uncoated end-facets ensured by Fresnel reﬂection.
168 Chapter 4 Planar waveguide lasers operating at 2µm wavelength
laser output power of 86mW.
Direct excitation of the upper laser level and lightly doped materials (herein with Tm3+
ions) oﬀers several advantages, such as low quantum defect between pump and laser wave-
lengths, substantial reduction in excited-state transfer processes and allows to achieve
very high repetition rates in the Q-switched laser modes by means of inherently instant
redistribution of excited ions within single manifold. Furthermore, this technique is
rapidly emerging as one of the most promising routes of achieving high laser power in
both CW and pulsed modes [416, 417, 418].
4.3.1 Waveguides characterization
The waveguide was fabricated via liquid phase epitaxy (LPE) by the FiCMA research
group11 specializing in growth and applications of tungstate materials.
Tm:KYGdLuW
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Figure 4.10: Schematic structure of lattice-matched Tm:KYGdLuW epitaxial
thin ﬁlm on KYW substrate.
By growing a crystal lattice-matched thin waveguiding ﬁlm whose composition is a combi-
nation of either gadolinium (Gd) and lutetium (Lu) in KYW, i.e.KY1-x-yGdxLuy(WO4)2
or Gd in potassium lutetium tungstate (KLuW), namely KLu1-xGdx(WO4)2, results in
increase of the refractive index of the active layer with respect to that of the substrate
material (KYW) and higher conﬁnement of the waveguide's propagation modes [411].
In this experiment, the epitaxial layer of KY0.59Gd0.19Lu0.22(WO4)2 doped with 1 at.%
or 0.65× 1020 ions per cm3 Tm3+, was grown on b-oriented KYW substrate, resulting
in the smallest lattice mismatch [419]. The planar waveguide structure is illustrated in
Figure 4.10. Detailed characterization and growth process of the waveguide structure is
given by the FiCMA research group and can be found in [410, 419]. Here, for brevity,
some of the key parameters are recalled. The waveguide had a 10 µm ﬁlm thickness, cut
11FiCMA (Physics and Cristallography of Materials) is an interdisciplinary research group led by the
Professor Francesc Díaz and Professor Magdalena Aguiló at the University Rovira i Virgili. Located in
Tarragona (Spain); homepage: http://www.urv.cat/dquimfi/ficma/en
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into a slab with dimensions of (5× 5× 2)mm3 along the principal optical axes Ng, Nm
and Np, respectively. The four lateral uncoated edges of the sample were perpendicularly
cut [420] and polished to high quality to facilitate the coupling of light into the epitaxial
layer through the edge.
The modelling of wave propagation in anisotropic ﬁlms on anisotropic substrates is more
complex than the analysis presented in Subsection 2.8.1. The main constraint includes
wave propagation behaviour in an arbitrary biaxial medium, which manifests in vari-
ous optical phenomena like birefringence or absorption anisotropy and it is a subject of
many textbooks, e.g. [421, 253, 422]. Nonetheless, in a certain situation, the analysis
can be greatly reduced and approximated by commonplace zig-zag wave analysis; the
necessary condition requires that all of the crystallographic axes of a materials lay along
waveguide's directions of propagation, i.e. x-, y- and z-components [423, 259, 258]. The
investigated herein monoclinic sample fulﬁlls this requirement while considering princi-
pal optical axes (which are, by deﬁnition, orthogonal to each other) and arranged in the
aforementioned manner, namely they overlap with waveguide's propagation directions.
For the simplicity of the further analysis, it is assumed that the values of principal op-
tical axes (Np, Nm and Ng) are respectively the same as refractive indices (np, nm and
ng) of both epilayer and substrate materials. In terms of waveguide lasers with small
diﬀerence of the ﬁlm and substrate refractive indices, another simpliﬁcation can be done.
It relies on the fact that intensity proﬁles of the transverse electric (TE) and transverse
magnetic (TM) modes of the same order, are nearly identical (indistinguishable from the
laser application) in case of isotropic materials, see e.g. Tm:YAG [363], Nd:GGG [424]
or mode analysis in the next section related to Tm:YO laser. In fact, the same approach
can be applied to materials having anisotropic properties, as it was previously published
in numerous work especially dedicated to tungstate PWLs [412, 319, 425]. Therefore,
from now the analysis will be based on the zig-zag approximation applied only to the
TE modes propagating in isotropic media. This is further supported by the fact (data
received from FiCMA research group and [419]) that all the refractive indices of the thin
ﬁlm are higher than the corresponding principal optical axes of the substrate (KYW)
and therefore the waveguiding condition is preserved, i.e. the light is conﬁned within the
epitaxial layer.12
At the pump wavelength, i.e. ≈1685 nm, the refractive index of principal optical axis
Nm of the substrate and epitaxial layer is 1.99481 and 2.00053, respectively (as calcu-
lated from Bolaños et al. [370] for a 3 at.% Tm:KYGdLuW with the same Gd and Lu
admixture as investigated herein waveguide). Thus, the waveguide supports only two
degenerate (2 × TE + 2 × TM) pump modes, and the NA of the waveguide is, accord-
ing to Equation 2.116, NA ≈ 0.15. Whereas at the expected laser wavelength (around
12An example of negative refractive index contrast results in lack of guiding eﬀect, see e.g. modelling
and experimental investigation of rubidium titanyl phosphate (RTP) with deposited onto Ba:Yb:Nb:RTP
epitaxial layer [426].
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1.84 µm) the waveguide's analysis also indicates that two degenerate modes can be ex-
cited. However, the second laser mode is very close to cut-oﬀ condition, meaning that
a tiny deviation from active layer thickness leads to single mode operation and conse-
quently poor overlap between the launched pump and laser cavity optical beams. The
NA at the expected laser wavelength is pretty much the same as for the pump wave-
length.
Both conﬁnement factors of fundamental modes at the pump and expected laser wave-
lengths are greater than 95%. As expected from such a highly asymmetrical waveguide
structure, the peak intensity of the laser fundamental mode is oﬀ-centered ≈1 µm to-
wards substrate region and from the analysis included in Appendix C the Gaussian ﬁt
to the waveguide's degenerate fundamental mode yields ζG = 92.3 % (see Figure 4.11).
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Figure 4.11: Comparison of intensity proﬁles of the waveguide's degenerated
fundamental mode with the Gaussian beam (TEM00). The Gaussian ﬁt is 92.3 %.
The upper limit for the propagation loss coeﬃcient of the waveguide having the same
ﬁlm thickness and chemical composition was previously studied, yielding γ ≤ 1 dB cm−1
[410].
4.3.2 Spectroscopic properties of gain element
The RT intrinsic ﬂuorescence lifetime was measured using the pinhole method, detailed
in Section 2.5. In short, a value of τ0 = 1.23± 0.09 ms was estimated.
The polarized absorption cross-section measurement was performed on a small bulk sam-
ple (1.4mm thick and cut along the Ng principal optical axis) with the same chemical
composition as the waveguide provided by the FiCMA research group. Due to inher-
ently weak electric transition for light polarized parallel to the Ng principal optical axis,
the polarization state of the output beam from a SDL was aligned to the crystal axis
providing the maximum eﬀective absorption cross-section for along the Np optical direc-
tion, which corresponds to the strongest eﬀective emission cross-section (see the eﬀective
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absorption cross-section spectra in Figure 3.5 shown in the previous chapter); thus, the
waveguide was excited with the TM polarization. The peak absorption at the pump
wavelength, i.e. around 1685 nm is nearly 2 pm2. As for laser emission, the strongest
eﬀective stimulated emission cross-section, derived from reciprocity method (RM) in the
previous chapter (see Subsection 3.5.1), is positioned along the Nm principal optical axis,
which coincides with the TE excitation polarization of the waveguide.
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Figure 4.12: Polarized E‖Nm net gain cross-section of Tm:KYGdLuW around
2 µm as a function of the population inversion rate.
The investigated 3F4 → 3H6 laser transition has a quasi-three-level behaviour, where the
terminal laser level is one of the Stark levels in the ground-state manifold. Therefore,
the net gain cross-section was modelled to estimate the potential laser wavelength as a
function of the population inversion rate, βN, according to Equation 2.72 applicable for
a laser exhibiting reabsorption. From the spectra shown in Figure 4.12, it is evident that
at βN ≥ 15 % the highest net gain cross-section is clamped at one distinct wavelength,
namely ≈1.84µm. A gain coeﬃcient value is derived when multiplying the net gain
cross-section by total dopant concentration, Ntot, as given by Equation 2.70.
4.3.3 Experimental setup
The experimental setup of the end-pumped planar waveguide is depicted in Figure 4.13.
The gain crystal was pumped by a selected prototype SDL received from AKELA.13 The
diode was a single broad-stripe (150µm width) emitter, single-mode (withM2y ≤ 2) in the
fast-axis emitting direction. The central emission wavelength and FWHM were strongly
temperature-dependent. Therefore, in order to achieve a maximum pump absorption,
temperature of the SDL was actively controlled. In the other emitting direction (slow-
axis) the beam quality factor was dependent upon diode's driven current, namely it was
degrading from M2x≈3 (at low current) to M2x≈12 (at full current). The intensity proﬁle
13AKELA Laser Corporation. Located in Monmouth Junction, NJ (USA); homepage: http://www.
akelalaser.com
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of the exiting beam was asymmetrical and also degrading with the increase in driven
current (see an example in Figure 4.14).
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Figure 4.13: Experimental end-pumping conﬁguration: (a) side view, (b) top
view. The focal lengths of the lenses are as follows: f1 = 20 mm, fy1 = 130 mm,
fx1 = 60 mm and for the aspheric lens fasp = 11 mm. The setup includes both
bulk laser dielectric mirrors.
Detailed characterization of all 12 diodes can be found in next chapter related to prepa-
ration of UC lasers with a double-excitation scheme (see Section 5.5).
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Figure 4.14: Proﬁle of reimage of AKELA's diode optical beam measured at
CW half maximum driven current and 17 ◦C.
First of all, the highly diverging optical beam in the fast-axis was collimated with the aid
of very high NA fast-axis collimator (FAC) FAC850-D from LIMO14, AR-coated at the
pump wavelength. Next, an afocal telescope, comprised of a spherical and a cylindrical
lenses with the following focal lengths f1 = 20 mm and fy1 = 60 mm, was set up to
expand the optical beam. Finally, the collimated optical beam was focused down to a
14LIMO Lissotschenko Mikrooptik GmbH. Located in Dortmund (Germany); homepage: http://www.
limo.de
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beam waist of w0y = 5.9± 0.4 µm (measured at 5A driven current and 17 ◦C) using a
scanning slit optical beam proﬁler (single slit BeamScope P8 with indium arsenide (InAs)
semiconductor detector). In the other emitting direction, i.e. horizontal (unguided), the
output beam was ﬁrstly collimated by the sperical lens with f1 = 20 mm focal length,
and then demagniﬁed (with a cylindrical and an aspheric lenses) to produce a uniform
and mode-matched spot size in the waveguide's unguided direction. Roughly estimated
laser beam waist was calculated to be 60± 15 µm. Therefore, within the gain medium,
the lens selection was made to obtain the as close as possible beam propagation trace,
and consequently achieve high slope eﬃciency.
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Figure 4.15: Characterization of the pump beam in: a) fast-axis (the trace is
the same for all driven currents), b) slow-axis shown for three diﬀerent driven
currents, namely above threshold, half maximum and maximum. Points are
experimental results and solid lines are the best ﬁts with a Gaussian beam. For
the graph's clarity, the uncertainties of each measured point are not shown.
The output of the diode was TE polarized (electric vector was horizontally oscillating with
respect to an optical table), however the maximum Tm:KYGdLuW absorption around
1.68 µm is in the orthogonal direction (E‖Np). Thus, a half-wave plate (WPH05M-1550
from Thorlabs) was used to rotate the output polarization by 90° and consequently to
match with the Np direction of polarization. The peak emission cross-section of the
E‖Nm polarization is twice higher than the E‖Np polarization and signiﬁcantly stronger
than the E‖Ng polarization. Hence, it is expected that the laser action would commence
on the former polarization without any additional polarization-induced elements (e.g.
etalon or linear polarizer) positioned in the setup.
The optical cavity was comprised of either a bulk ﬂat-parallel input coupler (IC) and
output coupler (OC) mirrors or with the same IC and Fresnel reﬂection from the un-
coated waveguide's end-facet (about 11% at expected laser wavelength), forming a quasi-
monolithic laser resonator. In the former case, the waveguide was double-pass-pumped,
whereas in the other conﬁguration single-pumped. Moreover, the IC was not designed
for HT at the pump wavelength, hence approximately 80% was transmitted through the
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Figure 4.16: Spectral transmittance of bulk dielectric mirrors. Data comes from
own measurements carried out with spectrophotometer Cary 500.
dielectric optical coating. Figure 4.16 depicts the spectral transmittance curves of the
dielectric mirrors used in this experiment. The maximum CW incident pump power, as
measured after the IC, was nearly 1.7W.
The waveguide was ﬁxed to an aluminium pedestal on a 5-axis translation stage and was
not actively cooled.
4.3.4 Discussion
The laser threshold was not reached neither with bulk IC and Fresnel reﬂection from
uncoated waveguide's end-facet nor with two laser mirrors. This subsection attempts to
explain reasons of inability to lase.
The launch eﬃciency was estimated, by measuring the unabsorbed optical pump power
(including Fresnel reﬂection from both uncoated ends of the waveguide), to be ηin =
89.7± 2.4 %. This value could have been higher if the pump beam waist in the guided
direction (w0y = 5.9± 0.4 µm) had been closer to the waveguide's fundamental mode,
i.e. ≈4.8 µm as can be seen in Figure 4.11. However, the Gaussian ﬁt was previously
calculated to be around 92.3%, hence the pump-coupling alignment was satisfying.
The parameters used in modelling the laser performance are given in Table 4.2. The
expected laser transition takes place between upper laser level, 3F4, and lower laser level,
3H6. Theoretically the strongest emission cross-section, measured at RT, around 1.84 µm
can be associated with four closely spaced inter-Stark transitions, as suggested by Pujol
et al. in isostructural Tm:KLuW and Tm:KGdW [342]. It is inferred that the terminal
(lower) Stark energy level is one of the two highest positioned sublevels, namely 12th
or 13th (see Table 5 in [342]). Therefore, the corresponding initial upper Stark energy
level is either 6th or 7th sublevel within the 3F4 manifold. This deduction is based
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on the aforementioned two crystals rather than the actual Tm:KYGdLuW for which the
energy levels have not been published. Nevertheless, the Stark components (in respective
manifolds) can be treated as a single value with imposed uncertainty due to their very
close energy separation ∆E ≤ 20 cm−1. Thus, the Boltzmann occupation factors of these
two levels (estimated at RT) are 2.3± 0.3% and 5.3± 0.5%, respectively.
The reabsorption loss, calculated from Equation 2.95, is quite high Lr = 0.78± 0.06,
being a key factor of the threshold pump power increment. The upper limit of the
propagation loss was estimated from Equation 2.92 and the γ = 1 dB cm−1 was taken
from [410]; Lp = 0.19± 0.03. The additional loss related to butt-coupling ﬂat-parallel
dielectric laser mirrors and uncoated waveguide's end-facets is diﬃcult to assess, but a
rough guess of 0.5 (per each waveguide's end) can be assumed.
By taking the parameters gathered in Table 4.2, the threshold pump power was calculated
with the aid of Equation 2.95 (see Section 2.7) for both optical cavity conﬁguration. For
the resonator consisted of the IC only the Ppth = 64± 12 mW, whereas with additional
feedback from the OC the value is, as expected, lower and yields Ppth = 36± 6 mW.
IC + R (11%) IC + OC
Ntot (at.%) 1
lc (mm) 5
σSE (pm2) 3.5
σabs (pm2) 1.1
τ0 (ms) 1.23± 0.09
Modelled pump w0y (µm) 4.8± 0.1
Average pump w0x (µm) 100± 20
Modelled laser w0y (µm) 4.8± 0.1
Approximate laser w0x (µm) 60± 15
Lr 0.78± 0.06
Lp 0.19± 0.03
Toc (%) 89 6
La 0.5 1
ηabs (%) 48 73
Ppth (mW) 64± 12 36± 6
Table 4.2: Parameters used to model the threshold pump power of the two
optical cavity conﬁgurations at the 1.84µm wavelength.
As already described in the previous subsection, the maximum pump power incident
onto the waveguide facet was more than 25 times higher than estimated threshold pump
power. Even for exaggerated additional loss being on the order of tens (poor optical cavity
alignment) or much bigger laser beam waist in the unguided direction, still the calculated
quantity is well below 500mW. Therefore, something else prevented commencing of laser
achievement.
One of the reason might have been mechanical damage of the ﬁlm during alignment of the
bulk dielectric laser mirrors to build a plane-parallel optical cavity. In order to maximize
feedback signal from the external mirrors, i.e. eﬃciently couple the reﬂected signal back
to the waveguide, the butt-coupling method was used. Hence, it was desirable to keep
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air
substrate
ﬁlm
Figure 4.17: Microscopic photo of waveguide end-facet after many attempts of
optical cavity alignment.
the bulk dielectric laser mirrors as close as possible to the waveguide's end-facets and
perpendicularly to both laser emitting directions, as well. Considering the hardness of
tungstate materials (4 to 5 in Mohs scale; depending on the crystallographic face [246]),
it is possible that during such alignment process the edge of the top active layer was
crushed. Furthermore, the epitaxially grown layers exhibit even lower hardness and are
prone to delamination from substrates. A close look at the waveguide was made after
many attempts of alignment procedures as can be seen in Figure 4.17. Nonetheless, other
possibilities of inability to lase should not be ruled out.
4.4 Tm:Y2O3 laser
This section describes the ﬁrst, to the best knowledge of the author of this thesis, Tm-
doped yttrium oxide (YO) PWL grown by pulsed laser deposition (PLD) technique.
In the best combination of output coupler and pumping conﬁguration, the achieved
maximum laser output power, at 1.95µm wavelength, was 35mW with ηs = 9 % slope
eﬃciency, with respect to incident optical pump power, and was the highest optical
power recorded for a sesquioxide laser grown by PLD technique.
Sesquioxides, including doped YO, scandium oxide (ScO) and lutetium oxide (LuO)
are of great interest as potential waveguide laser hosts. These materials have excellent
thermo-optic properties, can easily be doped with various RE ions and are optically
isotropic. Sesquioxides can, however, be challenging to grow from the melt due to their
relatively high melting points (generally in excess of 2400 ◦C [427]). Various sesquioxide
ﬁlms have been achieved via PLD, e.g. [428, 429, 430, 431]. Lasing has been observed
in Nd:(Gd,Lu)2O3 [432] and Yb:(Gd,Lu)2O3 [405] channel waveguides formed by post-
processing of PLD grown ﬁlms. Estimated optical losses (propagation and unquantiﬁed
coupling losses) in these latter cases have, however, been high (>4 dB/cm) and thick-
nesses limited to ≈2 µm.
Laser emission of the 3F4 → 3H6 transition of a thulium activator in the 2µm wavelength
range can be eﬀectively generated by CR process and exploiting the high radiance SDLs
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operating around 800 nm wavelength. The eﬀect is dependent upon the proximity of
neighbouring Tm dopant ions, hence the higher RE ion concentration for YO per atomic
substitution (compared to e.g. YAG) should enable suﬃcient CR rates at lower doping
levels as reportedly used in early bulk crystal experiment [245].
4.4.1 Waveguides characterization
The waveguide (hereafter called K308) was about 12 µm thick ﬁlm deposited directly onto
a YAG substrate of size (10× 10× 1)mm3. Detailed fabrication process of the waveg-
uide structure has been described elsewhere [2]. After two opposing facets were polished
plane and parallel for lasing experiments, the ﬁnal waveguide length was 8.0± 0.2mm.
X-ray diﬀraction (XRD) was carried out with the sample to demonstrate that the ﬁlm
was crystalline with a small admixture of yttrium aluminum perovskite (YAP) crystal-
lographic orientations. No extra layer, serving as a crystalline waveguide's clad, was
deposited onto the PLD grown ﬁlm, thus the waveguide had an air clad. An energy-
dispersive X-ray analysis (EDX) was employed to characterize the composition of the
sample; the average thulium concentration was found to be ≈2.3 at.%.
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Figure 4.18: Schematic structure of PLD grown planar waveguides used in this
section.
The refractive index of the substrate (YAG) and the deposited ﬁlm (undoped YO; not-
ing that Tm concentration likely results in a negligible index increase) at the pump
wavelength, i.e. ≈797 nm is ns = 1.822 [365] and nf = 1.911 [393], respectively. Thus,
for such a high contrast of refractive indices the NA (at pump wavelength) is estimated
from Equation 2.116 to be ≈0.58, practically identical as that expected over the potential
laser wavelength range, i.e. 1.93 to 1.95 µm (ns = 1.801 and nf = 1.887 at 1.95µm). The
12µm-thick ﬁlm should hence support up to 17 and 7 degenerate modes at the pump and
laser wavelengths respectively (see analysis in Section 2.8), and is therefore a multi-mode
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structure. The averaged conﬁnement factor of the waveguide's degenerated fundamen-
tal mode at the laser wavelength, calculated from Equation 2.115, is very high, namely
Γavgco = 99.93 %. Weakly guiding planar waveguides, such as epitaxially grown ﬁlm struc-
tures, are prone to form an asymmetrical intensity proﬁle for the fundamental mode
(peak intensity is oﬀ-centre towards the substrate region) resulting in degraded beam
quality. However, the investigated structure, where refractive index contract between
the core and substrate materials is high, and therefore this is not a concern. Following
the analysis included in Appendix C, the Gaussian ﬁt to the waveguide's degenerated
fundamental mode gives ζG = 88.4 % (see Figure 4.19).
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Figure 4.19: Comparison of intensity proﬁles of the waveguide's degenerated
fundamental mode with the Gaussian beam (TEM00). The Gaussian ﬁt is 88.4 %.
Propagation losses were estimated through simple transmission method, as described in
Subsection 2.8.2, at wavelengths outside of the thulium 3H4 manifold absorption band
using a tunable Ti:sapphire laser, speciﬁcally at 730 and 850 nm wavelengths. Assuming
a launch eﬃciency of 100% (the diﬀraction-limited optical beam was focused down to
a waist of 3.6± 0.4 µm at the input facet into a highly multimode structure) and Fres-
nel reﬂection from an uncoated end-facet, R = 9.9 %, the propagation loss coeﬃcient
was calculated from Equation 2.119 to be ≈2 dB/cm at the probe wavelengths; losses
at longer wavelengths are expected to be lower due to a smaller Rayleigh scattering
coeﬃcient. One source losses in a high contrast air clad waveguide is the number of
particulates on the waveguide's surface. The average density of particulates of height
>100 nm and >50 nm on the ﬁlm surface was measured as 9.8± 1.3× 103 cm=2 and
15.0± 2.4× 104 cm=2, respectively. The eﬀect of particulates on propagation loss coeﬃ-
cient was analysed in [433] for PLD grown laser waveguides based on ﬁlms of gadolinium
gallium garnet (GGG), a cubic crystal with a similar refractive index to YO, also grown
on YAG substrates. While a direct comparison of loss values may not be valid due to
the diﬀerence in material properties and growth conditions, it can still be helpful as a
guide. In the GGG case, the measured particulate densities would be expected to result
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in losses of much lower than 1 dB/cm. The estimated propagation loss coeﬃcient of
≈2 dB/cm hence suggests that particulates were not the only source of loss in the inves-
tigated (K308) waveguide. Other factors potentially resulting in additional scattering
and subsequent loss (not quantiﬁed) include local areas of poor-quality facet polishing
and strain-induced birefringence, as well as scattering at grain boundaries and/or areas
of non-cubic growth. It is expected that further study of ﬁlm growth mechanisms may
help to explain these additional sources of loss.
A reimage of unabsorbed, diﬀraction-limited Ti:sapphire optical beam exiting the waveg-
uide end-face can be seen in Figure 4.20. Even for the best position the optical beam, in
the unguided direction, is highly distorted revealing lots of scattering centres inside the
deposited ﬁlm.
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Figure 4.20: Reimage of unabsorbed Ti:sapphire optical pump laser launched
into the Tm:YO waveguide taken with the aid of a CMOS camera: (a) 2D
image, (b) beam proﬁle intensities along X- and Y-directions.
In order to decrease the propagation loss coeﬃcient another Tm-doped planar waveguide
structure had been grown. A waveguide (called K311) was about 9± 1 µm thick and
had the same dopant concentration as prior described K308 sample. The active ﬁlm
(Tm:YO; tw≈5 µm) was sandwiched between two undoped YO layers, where the bottom
one served as a buﬀer between the substrate (YAG) and the active ﬁlm. The idea was
to compensate a mismatch between the two materials and grow a better crystal quality
ﬁlm. Both waveguides are depicted in Figure 4.18. The propagation loss coeﬃcient had
been checked at one of the HeNe laser wavelengths, i.e. 632.8 nm, which is not absorbed
Tm3+ ions. The optical beam in the unguided direction was collimated, whereas in the
guided direction was converging into 2.5± 0.3 µm beam waist, a quantity comparable
to waveguide's fundamental mode. The incident beam was linearly polarized to match
either TE or TM waveguide's excitation modes. Also in that case the diﬀraction-limited
HeNe beam exiting the waveguide was highly structured as can be seen in Figure 4.21.
The propagation loss coeﬃcient estimated from the transmission method was even higher,
though. For the TE excitation γTE = 4.3± 0.8 dB/cm and for the TM excitation a bit
larger (probably due to stronger interaction of evanescent electric ﬁeld with the substrate
and clad regions) γTM = 4.4± 0.8 dB/cm.
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Figure 4.21: Reimage of waveguide end-facets (top) and far-ﬁeld photos of HeNe
optical beam exiting K311 waveguide sample: (a) TE, (b) TM excitation modes.
An attempt of the streak decay method (described in Subsection 2.8.2) was made to
corroborate the ﬁndings. Nonetheless, due to excessive amount of scattering points at
the top of the waveguide (see Figure 4.22) this technique failed producing a reasonable
light decaying curve. As previously noticed, the TM excitation produces more scattering
light than the TE excitation. The higher propagation loss coeﬃcient might result from
the fact that the waveguide's modes in sample K311 interact more with the clad and
substrate materials, where interface between these regions has poorer quality than actual
active layer.
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Figure 4.22: Light decay measured from the waveguide top of two excitation
polarizations (top) and unpolarized excitation intensity proﬁle along HeNe beam
propagation (bottom).
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Therefore, in the laser experiment only the K308 waveguide was analysed due to lower
coeﬃcient of propagation loss coeﬃcient.
4.4.2 Spectroscopic properties of gain element
To determine the optimum pump wavelength, the relative absorption spectrum of the
waveguide was measured by tuning the Ti:sapphire pump laser in 0.1 nm steps across
a range of 790 to 810 nm available for high power SDLs. The maximum absorption
coeﬃcient was determined to be 1.45 cm=1 at λp = 796.5 nm wavelength, corrected for the
propagation loss determined at the out-of-band (i.e. non-absorbing) probe wavelengths,
which is consistent with that observed in bulk crystal [434, 245]. Previously reported
eﬀective absorption cross-section at room temperature data is shown in Figure 4.23 for
comparison.
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Figure 4.23: Variation in the absorption coeﬃcient of the Tm:Y2O3 ﬁlm with
wavelength (red), with previously reported absorption cross-section data for bulk
crystal (Ermeneux et al. [245]) shown for comparison (green curve).
Fluorescence lifetime and emission measurements were performed also at room temper-
ature. The thulium ions were excited to their 3H4 energy level using the output of a
ﬁbre-coupled SDL operating at 793 nm wavelength. The optical pump beam was fo-
cussed onto the face of the waveguide, perpendicular to the plane of the ﬁlm and close
to one edge; while the ﬂuorescence from the 3F4 energy level, was captured as it exited
the waveguide facet. At 3W optical power and with a pump beam radius at the ﬁlm of
300µm, the incident irradiance15 was I0 = 1 kW cm−2. The waveguide facet and 2 µm
ﬂuorescence emission were reimaged onto a Thorlabs DET10D InGaAs detector with a
germanium ﬁlter covering the active area, passing only the longer wavelength of interest.
To determine the ﬂuorescence lifetime of the upper laser level, the pump was modulated
with 5ms pulses at a 10% duty cycle (i.e. 5ms pulse, 50ms period), enough time for the
15Irradiance is a radiant ﬂux (power of electromagnetic radiation) incident on unit area of a surface.
Commonly miscalled intensity. It is measured in watts per square metre (Wm=2).
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system to reach steady-state condition. A ﬂuorescence lifetime of τﬂ = 3.44± 0.01 ms was
determined from the exponential decaying signal recorded using an Agilent MSO6104A
digital oscilloscope. This is in good agreement with values reported for bulk Tm:YO
with lifetimes of 4.15ms (1 at.% of thulium [434]) and 3.2ms (2 at.% of thulium [435]).
Figure 4.24 shows the emission spectrum measured with an ANDO AQ6375 OSA using
a spectral bandwidth of 0.2 nm, along with data observed for bulk crystal (0.25 at.% of
thulium) [435] for comparison. The spectral proﬁles of waveguide and bulk are nearly
identical. This agreement indicates correct substitutional occupation for the thulium
ions, which is not always true for PLD grown thin ﬁlms; in case of GGG growth on
YAG, for example, the spectral match between bulk and ﬁlm crystal is poor due to non-
stoichiometric growth and incorporation of RE ions in non-radiative sites [436].
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Figure 4.24: Measured ﬂuorescence emission spectrum of the Tm:YO planar
waveguide (red), with data previously observed for bulk crystal (0.25 at.% of
thulium) by Guyot et al. [435] shown for comparison (green).
4.4.3 Experimental setup
The experimental setup of the end-pumped laser is depicted in Figure 4.25. It consists
of a tunable Ti:sapphire pump laser, an optional 100mm focal length cylindrical lens, an
11mm EFL aspheric lens (Thorlabs C220TME-B), a thin pump IC mirror, the waveguide
and various interchangeable bulk and one thin OC mirrors. A collection lens (NA = 0.16)
was used after the OC mirror to transfer the ﬂuorescence light to a thermal detector
covered by a 3mm-thick longpass ﬁlter (Schott RG1000) to reject the unabsorbed pump
light.
The near-diﬀraction-limited pump source (experimentally veriﬁed) was tuned to match
the maximum absorption peak, i.e. 796.5 nm and its optical power was set by a variable
metallic neutral density ﬁlter, providing a maximum incident power, onto the waveguide
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Figure 4.25: Setup of the Tm:YO waveguide lasing experiments. Abbreviations
are as follows: ND - neutral density, MM  metal mirror, IC  input coupler
mirror, OC  interchangeable output coupler mirror and the focal lengths of the
lenses are: f1 = 100 mm, fasp = 11 mm and f2 = 8 mm.
facet, of 600mW after the variable ﬁlter. In the waveguide's fast-axis (guiding direction),
the incident pump light was focused down to a waist of 3.6± 0.4 µm at the input facet,
smaller than half the thickness of the active layer, i.e. ≈12µm; hence the assumption
for a 100% launch eﬃciency (neglecting interface reﬂections). In the other, unguided
direction, the beam was either collimated, with a beam waist of 90± 12µm positioned
approximately midway along the waveguide, or diverging from the pump focus at the
input facet, i.e. a beam waist of 3.6µm. The former conﬁguration, achieved by placing
the cylindrical lens before the IC aspheric (see Figure 4.25), should provide a good overlap
between the optical pump beam and cavity mode in the unguided axis throughout the
whole waveguide. The latter conﬁguration, however, provides higher inversion density at
the input facet, at the expense of the overlap eﬃciency, namely the pump beam radius
spreads to 350 µm at the exit facet of the waveguide (calculated assuming no lensing
eﬀects in the plane), and was hence signiﬁcantly larger than the ≈75 µm radius of cavity
mode.
A quasi-monolithic optical resonator was made by butt-coupling plane parallel mirrors
to the uncoated waveguide facets with a Fluorinert FC-70 ﬂuid interface for the thin
mirrors, holding them in place and acting as an index matching ﬂuid. Four diﬀerent
OCs were investigated in total, with reﬂectance values of ≈99.5, 94, 90 and 85% at
the laser wavelength. The pump transmittance of the IC was 92% and each of the
other mirrors also had high transmission at this wavelength, leading to a single-pass
conﬁguration of the laser pump beam.
The waveguide was ﬁxed to an aluminium pedestal on a 3-axis translation stage and was
not actively cooled.
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4.4.4 Laser performance
Laser action was obtained for both pump conﬁgurations, with the respective performance
shown in Figure 4.26.
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Figure 4.26: Laser output power versus incident pump power for two pumping
conﬁgurations: (a) collimated in-plane pump (aspheric and cylindrical lenses),
and (b) diverging in-plane pump (single aspheric lens). Dash lines are for better
visualization purpose. The uncertainties of low laser powers are omitted for the
graph's clarity.
The laser emission spectrum of the 3F4 → 3H6 transition was measured at threshold
pump power and maximum pump power to check if the laser wavelength was ﬁxed
or moveable to a shorter wavelength. Despite an eﬀective stimulated emission cross-
section that extends out to 2.1 µm [434], in all cases a laser wavelength of ≈1.95µm
was detected, consistent with that reported for bulk crystal experiments [245]. This
is due to the fact that the terminating laser level is in the ground-state, and thus the
eﬀective gain is dependent upon the diﬀerence between the emission and absorption cross-
sections at the lasing wavelength weighted by population densities (see gain analysis in
Section 2.7). In all cases, i.e. both pump conﬁgurations, the laser emission was ﬁxed at
aforementioned ≈1.95µm wavelength. Furthermore, for the optical cavity made of butt-
coupled thin (≈300µm thick) mirrors, the etalon eﬀect has been recognized (Figure 4.27)
with a emission peak separation of 1.0± 0.3 nm. Whereas this phenomenon vanished
after insertion of the bulk OCs.
Due to the relatively high gains required to overcome the losses in the system and given
that a population inversion rate between the ground and upper laser levels, βN, of greater
than 12% favours the shorter wavelengths [245], it is clear why the 1.95µm wavelength
was observed for this system; albeit, it should be noted that for βN>20 % the laser
wavelength would most likely switch to ≈1.93µm region, where the strongest eﬀective
stimulated emission cross-section occurs.
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Figure 4.27: Examples of laser spectrum (logarithmic scale) measured in the
collimated in-plane pump conﬁguration. The spectra were measured with an
ANDO AQ6375 OSA using a spectral bandwidth of 0.2 nm at full optical pump
power.
With an optical cavity comprised of HR+HR mirrors, the lowest observed Ppth in the ﬁrst
conﬁguration was 50mW. Higher output power was achieved in the second conﬁguration
with only the aspheric lens, as can be seen in Figure 4.26b. A maximum output power,
35mW was measured for 600mW of incident pump power with a slope eﬃciency of
ηs = 9 %, was obtained with the 85% OC reﬂectance. The same slope eﬃciency was
observed for the lowest OC reﬂectance in the other pump conﬁguration.
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Figure 4.28: Round-trip cavity losses as determined via the measured relaxation
oscillations in the collimated in-plane pump conﬁguration. Points are experi-
mental results and dash lines are the best linear ﬁt to Equation 2.129.
Optical round trip losses were estimated by measuring the relaxation oscillation (RO)
angular frequency as a function of the optical pump power with respect to the threshold
pump power, including reabsorption at the laser wavelength, as described in Section 2.10.
The experimental setup was similar to Figure 4.25, but with the addition of a mechanical
chopper placed after Ti:sapphire laser. The thermal detector was replaced by a biased
186 Chapter 4 Planar waveguide lasers operating at 2µm wavelength
InGaAs detector connected to a digital oscilloscope. The round-trip cavity loss was
estimated from Equation 2.130, where the cavity decay rate, γc, is derived from the
gradient of the linear ﬁt to the relaxation oscillation angular frequency of Equation 2.129
and points presented in Figure 4.28. A round-trip cavity loss value of Ltot = 5.8± 0.7 dB
was obtained for the HR+HR cavity conﬁguration, highlighting that additional losses
were incurred at the mirror/facet interfaces in comparison to the simple propagation
losses measurement prior estimated. Even higher round-trip cavity losses were obtained
for the bulk OCs, a consequence of a higher mirror's transmission and the small gap
between the waveguide facet and mirror.
4.4.5 Discussion
Unfortunately, the Ti:sapphire output power was unstable during measurements result-
ing in inability to determine e.g. beam quality factors utilizing a scanning slit optical
beam proﬁler (single slit BeamScope P8 with InAs semiconductor detector); only rough
numbers can be provided in terms of the laser spot-sizes. To that end, in the unguided di-
rection the beam radius at the waveguide output facet (estimated from an afocal system
composed of two lenses with 8mm and 50mm focal lengths) was 90± 15µm, whereas in
the guided direction a ﬁt to the measured points did not give any reasonable outcome.
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Figure 4.29: Laser spectrum (logarithmic scale) measured in the slightly mis-
aligned collimated in-plane pump optical cavity conﬁguration. The laser action
is achieved at two wavelengths.
While the optical cavity was slightly misaligned, the laser output power was (as one would
expect) reduced but at the same time it was lasing at two wavelengths with the highest
gain coeﬃcients, namely 1.93 and 1.95µm, as depicted in Figure 4.29. Additionally, a
weak ASE was observed around 2.02 µm, a wavelength region where GSA does not exist
and therefore the signal is not reabsorbed (see Tm:YO absorption and emission spectra,
e.g. [245] or [434]).
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The system did not reach the threshold pump power with just one laser mirror, i.e. with
input coupler on side and Fresnel reﬂection (R = 9.5 % around 2 µm [393]) from the
other end.
Below threshold condition, no pump saturation eﬀect has been revealed. At maximum
pump power, i.e. 600mW focused down to a spot-size of 3.6 µm× 90µm at the waveg-
uide's input facet (collimated in-plane pump conﬁguration), corresponding to pump op-
tical irradiance Imaxp = 58.9± 14.4 kW cm−2.
An important drawback of the investigated planar waveguide structure was parallelism of
its end-faces after polishing process. In the unguided direction, the estimated parallelism
was (8.1± 0.3)′, whereas in the guided direction it was (37.4± 2.8)′ as inferred from a
bulk OC tilt with respect to close contact waveguide end. Those quantities aﬀect laser
performance in a plane-parallel optical cavity resonator. In the former case (classic
example of a FabryPérot interferometer) the back-reﬂected signal undergoes slightly
diﬀerent optical pathway. In the guided direction, however, the light is coupled-back at
diﬀerent angle than being prior emitted, resulting in either radiation (unbounded) modes
or high order excitation modes which compete with a fundamental mode of available
optical gain. Furthermore, quality of the waveguide end-facets had several chips and
microbumps (microspheres) as can be seen in Figure 4.30.
SubstrateFilm 1 mm
Figure 4.30: Excerpts of Tm:YO waveguide end-facets.
A blue ﬂuorescence was observed while carrying out the experiments; during examin-
ing absorption spectrum (see Figure 4.31) as well as lasing. In Tm-doped media, it is
expected to see ﬂuorescence in visible range as there are various routes contributing to
populate high-lying energy states, in this case the 1D2 and 1G4 manifolds. During that
time, no OSA operating within this wavelength region was available to investigate the
ﬂuorescence spectrum, hence it is impossible to infer which one of two possible radiative
transitions, i.e. the 1D2 → 3F4 or 1G4 → 3H6 had bigger inﬂuence on the blue ﬂuores-
cence.
Nonetheless, the waveguide had too high propagation loss coeﬃcient, to entertain com-
mencing an upconversion laser experiment as was the original scope of this investigation.
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Figure 4.31: Blue ﬂuorescence emitted after pumping Tm:YO planar waveguide
with Ti:sapphire laser (796.0 nm). A coloured glass ﬁlter (Schott BG40) has
been positioned over the waveguide in order to pass only blue-green ﬂuorescence
light. The waveguide is without attached dielectric laser mirrors.
In summary, this section describes the ﬁrst Tm-doped yttrium oxide PWL grown by PLD
technique. A maximum output power of 35mW operating at 1.95 µm wavelength was
achieved with a 9% slope eﬃciency with respect to incident optical pump power. Facet
tilt, moderate propagation and mirror coupling losses have limited the laser performance.
There was no sign of roll-over in the laser output power curve (see Figure 4.26) even at the
relatively high pump optical irradiance investigated herein without any active cooling.
Therefore, this is good reason to believe that further improvement in performance will
come with better ﬁlm quality, proper facet ﬁnishing and direct dielectric coatings on the
waveguide end-facets, opening up a range of potential 2µm high power applications from
these compact gain modules.
Chapter 5
Preparation for upconversion planar
waveguide lasers
5.1 Introduction
This chapter covers relevant topic related to development of diode-pumped upconversion
(UC) solid-state lasers operating at room temperature (RT) and below 500 nm wave-
length, utilizing various crystalline materials singly-doped with trivalent thulium (Tm) or
neodymium (Nd) ions. A considered pumping conﬁguration includes a double-excitation
scheme, where the active ions are optically pumped by diﬀerent wavelengths determined
from the previously conducted absorption experiments (see Chapter 3).
The complex nature of the radiative and non-radiative transitions is subject of many
textbooks and scientiﬁc publications since the ﬁrst solid-state lasers emergence. The fol-
lowing section is a survey of the dynamics of high-lying energy levels having a potential
of being the initial laser state. For that purpose, the ﬂuorescence lifetimes of these mani-
folds are taken from the literature and analyzed, accounting for energy-transfer processes
occurring as the dopant concentration increases. In the two-step pumping conﬁguration,
equally important are the intermediate energy levels of both rare earth (RE) ions, which
impact is discussed.
The next section, provides the computed net gain cross-section for previously investi-
gated Tm-doped samples. This quantity, when multiplied by total dopant concentration,
estimates an available optical gain of the active element, which can be subsequently com-
pared with expected losses of carefully selected optical cavity.
Some considerations, related to planar waveguide structures, are highlighted followed by
characterization of semiconductor diode lasers (SDLs) used in this study. One group
of the diodes with moderate output optical powers namely single-emitter sources, were
thoroughly examined for future experiments involving direct pumping of the 3F4 mani-
fold of Tm-doped materials which exhibit strong ground-state absorption (GSA) around
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1.68 to 1.69µm wavelength. The other purchased diodes were superﬁcially checked only.
Equally important are optical components for laser experiments, that must meet require-
ments of double-pumping conﬁguration, where the SDLs operate at largely separated
wavelengths, e.g. 650 and 1680 nm. The custom-made optics was ordered to be arranged
in the setup presented in Figure 5.1.
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Figure 5.1: The outline of end-pumped double-excitation setup of Tm-doped
planar waveguide laser. Only the most relevant optical components are shown.
The laser resonator consists of the FabryPérot optical cavity, i.e. input and
output couplers.
A discussion of the plausible UC lasers and material considerations can be found at the
end of this chapter.
5.2 Dynamics characterization of active rare earth ions
The aim of this section is to provide a comprehensive characterization of thulium and
neodymium RE ions kinetics leading to upconversion phenomena by means of radia-
tive emission in the ultraviolet (UV) and purple-blue spectrum utilizing transitions from
high-lying metastable energy levels. The overall spectroscopic properties of trivalent
thulium and neodymium ions have been described in the Introduction chapter (see Sub-
sections 1.2.3-1.2.4).
Some examples of developed UC lasers, based on double-wavelength excitation approach,
are reviewed. The most relevant spectroscopic quantities concerning the RT condition,
unless otherwise stated, including singly-doped laser systems are included.
In the limit of a weak excitation, indicated by a population density in a respective
excited-state level, the interionic processes are frozen and the transitions occur mainly
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via radiative or multiphonon decays. However, at an elevated population density, typical
of laser experiments involving high pumping rates, the RE ions undergo various energy
transfer processes. These, as it was mentioned in the Introduction chapter, include:
cross-relaxation (CR), energy-transfer upconversion (ETU), photon avalanche (PA) or
energy migration (EM).
Each of the RE ions, are dealt separately.
5.2.1 Trivalent thulium Tm3+ ion
The favorable energy level structure of Tm3+, depicted in Figure 5.2, arises from the
energy gaps between the high-lying metastable manifolds, i.e. 1G4, 1D2 and 1I6, and their
adjacent lower energy levels, ∆E ≥ 5200 cm−1. This inhibits non-radiative multiphonon
relaxation that would otherwise syphon oﬀ the excited Tm ion population from these
levels before they had a chance to ﬂuoresce.
At RT, the population densities of the 3H5, 3F3 and 3F2 manifolds decay non-radiatively
to the next lower lying energy level, i.e. 3F4 and 3H4, respectively. Therefore the
population densities in these states are negligible.
3F4 manifold
The 3F4 manifold is the ﬁrst excited-state of Tm3+ ion, located approximately 6000 cm=1
above the 3H6 ground-state level. For this multiplet, there is no CR scheme responsible
for ﬂuorescence quenching. Nonetheless, at high population density (typical for laser
excitation) this energy level is de-excited by non-radiative ETU phenomena, whereupon
one of the excited thulium ions is transferred to the higher positioned manifolds, i.e. 3H5
or 3H4, whereas the other remaining energetically-paired ion return to the ground-state
level. Shaw et al. [364] demonstrated that the ETU rate strongly depends on the dopant
concentration. Some of these quantities for Tm:YAG can be found in [376].
The EM between trivalent thulium ions occupying the 3F4 metastable level is very rapid
process [437, 137].
Fluorescence lifetime of the 3F4 manifold is the longest amongst all the Tm3+ energy
levels. In the limit of weak excitation, a number of processes are responsible for ﬂuores-
cence quenching, where the most likely ones are structural defects of crystal lattice and
unintentional impurities. The lifetime of this metastable level was measured with the aid
of the pinhole method for various laser hosts and doping concentrations. The values are
gathered in Table 3.16 together with the previously measured or calculated RT lifetimes.
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Figure 5.2: Schematic diagram of the radiative and non-radiative transitions of
trivalent Tm outlined in this thesis.
3H4 manifold
The GSA of this level is commonly used for very high power commercial SDLs oper-
ating around 800 nm wavelength. When thulium ions are excited into this manifold,
they relax via several radiative and non-radiative ways. The most eﬃcient, though, at
elevated doping levels is CR mechanism. Actually, Jackson [133] proved that for crys-
talline materials this process involves two CRs, namely the (3H4,3H6) → (3F4,3F4) and
(3H4,3H6) → (3H5,3F4), where the latter quickly de-excites to the 3F4 level. Undoubt-
edly, this mechanism greatly improves laser performance in the 2 micron range, due to
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the resulting 2-for-1 enhancement, but for the UC lasers utilizing double-excitation con-
ﬁguration, where the intermediate energy level is the 3H4 manifold, this would cause
unwanted de-excitation. For instance, in Tm(2 at.%):YO crystal the CR rate is already
the dominant processes responsible for the 3H4 relaxation [438]. Furthermore, for a laser
terminating in the 3F4 manifold, which receives extra thulium ions, the saturation of
population inversion becomes harder to achieve. Thus, for such pumping conﬁgurations,
it would be advised to operate with the active element having a low concentration of Tm
ions.
For Tm:YAG, the EM amongst thulium ions in this manifold was found to be slow com-
pared to the CR [137], and therefore the ETU from the 3H4 multiplet is less likely process
than the CR.
1G4 manifold
The 1G4 manifold is the ﬁrst high-lying (around 21 000 cm=1 above the ground-state)
metastable level considered as a good candidate for the construction of a blue UC laser.
The excited Tm3+ ions emit blue light when radiatively relaxing from this level into the
ground-state manifold. For lightly doped materials, the ﬂuorescence lifetime of this level
is the longest amongst higher lying energy states capable of short wavelength generation,
i.e. longer than the 1D2 and 1I6 multiplets. Unfortunately, the 1G4 energy level exhibits
quite strong concentration quenching, independent of a laser host, due to multiple CR
processes [437, 343, 211].
Considering the trivalent energetic structure of thulium ion, it can be inferred that two
ETUs could be possible at high population density (typical for laser excitation) of the
1G4 manifold. These resonant non-radiative transitions include the energy transfer to
the upper 1D2 and lower 3F3+3F2 manifolds, whereas the other route involves the upper
1I6+3PJ and lower 3H5+3F4 energy levels; as depicted in Figure 5.2.
A comprehensive analysis of the CR quenching mechanisms related to this manifold in
Tm:YLF was done by Hehlen et al. [437].
1D2 manifold
At RT, the ﬂuorescence lifetime is concentration-dependent (see Table 5.2) through vari-
ous CR processes, such as the resonant (1D2,3H6)→ (3F3,3H4) or (1D2,3H6)→ (1G4,3F4)
transitions involving the transfer of ions from the ground-state manifold. However, an
exception of that rule was found in Tm:SrGdGa3O7 crystal, for which the ﬂuorescence
lifetime remains constant at 7.8µs up to 9 at.% concentration [439].
Additionally, at low dopant levels the ﬂuorescence is quenched with an increasing ambient
temperature, e.g. for Tm:YLF the lifetime drops from 77µs (as measured at cryogenic
temperature) to about 53µs at RT [311]. Again, this is in contradiction to observation
of Guy et al. [211] for Tm(0.1 at.%):YAG, who stated that the ﬂuorescence decay curves
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did not changed with the temperature. In general, the ﬂuorescence lifetime of this en-
ergy level is approximately an order of magnitude shorter than the 1G4 manifold and
comparable with the 1I6 multiplet.
A possible resonant ETU links the upper 1I6+2PJ manifolds with the bottom 1G4 energy
level.
For some materials, this level might be quenched by structural defects that absorb in
the UV and purple spectral region, e.g. in YAP material grown by diﬀerent techniques
[356].
1I6 manifold
This manifold, is the highest located metastable level of Tm3+ (around 34 000 cm=1
above the ground-state) having a large energy gap to the next lower 1D2 energy level,
∆E ≈ 6000 cm−1. At RT, any excited ions from the 2PJ (where J = 0, 1, 2) relax
mainly non-radiatively to the 1I6 multiplet. The positive aspect of this energetic level
conﬁguration is that no ETU associated with this manifold is possible, unless charge
transfer (CT) to a host lattice exists. For materials which exhibit fundamental absorption
in the ultraviolet A (UVA) spectrum, roughly below 315 nm wavelength, quite often the
1I6 energy level is either obscured by the host's absorption or positioned nearby its
absorption edge. However, this particular instance depends on the relative position of
the Tm3+ ground-state level with respect to the host's valence band (VB); see the case
study of the ESA for Nd:YVO in Subsection 3.4.2.2. In short, materials with fairly high
transparency range in the UV should be considered as the best candidates for potential
lasers with the 1I6 upper laser level.
Upconversion laser transition
1G4 → 3H6 1D2 → 3H6 1D2 → 3H6 1D2 → 3F4 1I6 → 3F4
1st pump 3H6 → 3F4 3H6 → 3H4
λp (nm) 1670 to 1930 770 to 825
fabsED (10
=8) 108.2 140.3
2nd pump 3F4 → 1G4 3F4 → 1D2 3H4 → 1D2 3H4 → 1I6
λp (nm) 625 to 670 445 to 455 645 to 665 440 to 465
fabstot (10
=8) 54 543 127 213
λl (nm) 460 to 490 356 to 363 356 to 363 445 to 455 335 to 350
β(J ; J ′) 0.200 0.356 0.356 0.513 0.548
f emED (10
=8) 111 916 916 2100 870
τR (ms) 1.125 0.074 0.074 0.074 0.121
Table 5.1: Upconversion laser transitions for Tm:YLF gain material using
double-excitation mechanism, calculated with the aid of Judd-Ofelt theory.
A range of possible upconversion pumping schemes for thulium ions excitaion to these
manifolds exist, with the aim to achieve a suﬃcient population inversion with respect to
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the lower laser level. Here, the most plausible double-step pumping conﬁgurations, as-
suming a combination of 4 diﬀerent SDLs emitting wavelengths, are described. Table 5.1
provides the intermanifold laser and pumps spectroscopic quantities of Tm:YLF crystal
related to these conﬁgurations, as calculated from the derived Judd-Ofelt (JO) intensity
parameters (see Subsection 3.3.1):
1. 1G4 → 3H6 the transition results in the longest UC laser wavelength (below
500 nm) and involves a substantial reservoir for the population density in the 3F4
intermediate level, which can be achieved either by direct pumping (e.g. SDLs,
1617 nm Er:YAG laser [440], 1682 nm Co:MgF2 laser [441] or 1678 nm Raman-
shifted erbium-doped ﬁbre laser [310]) or by excitation of the 3H4 manifold (high
power SDLs operating around 800 nm) and then redistribution of the Tm ions
via the CR mechanisms. The subsequent promotion to the 1G4 manifold is made
with the aid of a second pumping wavelength between the 610 to 670 nm spectral
range. For Tm:YLF, this particular excited-state absorption (ESA) transition is
rather weak, when compared with other ESAs listed in Subsection 3.3.1. One
drawback of this laser transition is its terminal laser level in the ground-state
multiplet, usually resulting in reabsorption loss at the potential laser wavelength.
Furthermore, the calculated electric dipole emission oscillator strength for Tm:YLF
is the weakest among the investigated short-wavelength transitions and has only
20% intermanifold ﬂuorescence branching ratio. An experimental setup for this
conﬁguration is shown in Figure 5.1,
2. 1D2 → 3H6 for Tm:YLF this transition has evidently stronger electric dipole
emission oscillator strength and intermanifold ﬂuorescence branching ratio com-
pared with the previous transition. The ﬁrst excitation source is identical to those
detailed in the previous case, whereas the second pump photons directly excite
thulium ions into the upper laser level, 1D2. For Tm:YLF the 3F4 → 1D2 ESA is
ten times stronger than the 3F4 → 1G4 ESA, as can be seen in Table 5.1,
3. 1D2 → 3F4 for Tm:YLF this transition is an extremely strong one, with more
than 50% of ions from that level terminating in the ground-state multiplet (see
Table 5.1). As a consequence, the majority of Tm-doped UC lasers rely on this
transition. The emission spectrum of this particular transition does not overlap
with the 3H6 → 1G4 GSA, albeit the situation is not so favourable for continuous
wave (CW) laser performance due to the inherently long lifetime of the lower laser
level, typically the upper laser level is two orders of magnitude shorter; compared
to the ﬂuorescence lifetime of both manifolds in Table 3.16 and Table 5.2. The
phenomenon is referred to as a self-terminating transition, commonplace in many
radiative transitions of RE ions, e.g. thulium-doped ﬁbre ampliﬁer (TDFA) oper-
ating in the S-band region of the 3rd telecommunication window [150] or Er-doped
lasers operating around 3 microns [442]. This bottleneck can be substantially re-
duced, however at the expense of additional heat load, by codoping the gain element
with terbium (Tb) ions [443],
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4. 1I6 → 3F4 ﬁnally, probably the least investigated transition, having the short-
est emission spectrum and quite good electric dipole emission oscillator strength
and intermanifold ﬂuorescence branching ratio; as calculated for Tm:YLF. The
pumping mechanism comprises two readily available SDLs, i.e. ≈800 nm and un-
determined yet wavelength somewhere within the 440 to 465 nm spectral range;
the ESA of purple-blue light from the 3H4 manifold has not been measured yet.
As in the previous case, the potential laser would be on a self-terminating transi-
tion. It should be noted that, for some Tm-doped materials, it could be possible to
replace the second pump source with shorter excitation wavelength at which high
power SDLs are constantly improving their performance, this is around 405 nm
wavelength. The responsible 3H4 → 3P2 ESA would lead to a similar total dipole
absorption oscillator strength, i.e. f emED = 233× 10−8 for the 3H4 → 1I6 ESA (see
Table 5.1), and quickly relaxes to the 1I6 metastable level via multiphonon decay.
Unfortunately, by considering the Stark energy levels of Tm:YLF, it is clear that
the 3H4 → 3P2 ESA occurs at slightly shorter wavelengths, i.e. 395± 5 nm.
Table 5.2 lists the RT ﬂuorescence lifetimes of the potential upper laser levels of interest
(i.e. 1G4, 1D2 and 1I6) and the 3H4 intermediate manifold for the most popular laser
crystals activated with single Tm ions. The ﬂuorescence lifetimes of the 3F4 energy level
are gathered in Table 3.16.
Table 5.2: Eﬀective ﬂuorescence lifetimes of the singly Tm-doped crystals mea-
sured or calculated at room temperature.
Host CTm (at.%) τﬂ (µs) Reference
3H4
BYF 0.20 2330 [358]
0.50 2160 [358]
0.75 1950 [358]
1.00 1600 [358]
2.00 740 [358]
5.00 80 [358]
10.0 10 [358]
20.0 1.5 [358]
YLF 0.25 1800 [67]
0.50 2260 [190]
0.50 1520a [190]
1.00 1230 [67]
1.50 1000 [444]
1.50 980 [445]
2.00 1700a this study
5.00 77 [67]
7.00 28.5 [67]
Continued on next page
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Table 5.2  continued from previous page.
Host CTm (at.%) τﬂ (µs) Reference
10.0 8.2 [67]
15.0 3.3 [67]
LaF 0.10 2070 [446]
0.30 1790 [446]
1.00 1670 [446]
YAP 1.00 414f [366]
3.00 270± 30c [379]
5.00 290f [366]
5.00 920a [366]
6.00 6710a [313]
10.0 3.2f [366]
YAG ≈ 0 830d [137]
0.50 511 [123]
0.75 570e [137]
0.75 453 [123]
1.00 455e [137]
1.00 451 [123]
1.50 290e [137]
1.50 270 [445]
2.00 193e [137]
2.00 330 [123]
2.00 250± 25 [375]
2.50 135e [137]
3.50 75e [137]
4.00 152 [123]
4.50 47e [137]
5.00 38e [137]
6.00 27e [137]
6.00 61 [123]
LuAG 2.00 250 [445]
YO unspeciﬁed 734a [438]
low concentration 410 [438]
KLuW 0.50 230 [212]
1.00 160 [212]
3.00 70 [212]
5.00 20 [212]
YVO 0.50 176 [296]
6.00 7 [296]
GdVO 2.00 52 [296]
Continued on next page
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Table 5.2  continued from previous page.
Host CTm (at.%) τﬂ (µs) Reference
4.00 18 [296]
6.00 8 [296]
LuVO 3.00 12 [296]
5.00 6 [296]
1G4
BYF 0.20 820± 30 [358]
0.50 740± 30 [358]
0.75 630± 20 [358]
1.00 460± 20 [358]
2.00 220± 15 [358]
5.00 40 [358]
10.0 5.5 [358]
20.0 0.3 [358]
YLF 0.25 806 [67]
0.50 1160 [190]
0.50 837a [190]
1.00 280 [67]
1.50 1180a [437]
2.00 1125a this study
5.00 12.2 [67]
5.00 1000a [67]
10.0 4.1 [67]
15.0 2.1 [67]
LaF 0.10 1007 [446]
0.30 912 [446]
1.00 738 [446]
YAP 1.00 59f [366]
5.00 23f [366]
5.00 440a [366]
6.00 1820a [313]
YAG 0.10 520± 10 [211]
4.00 322 [233]
YO low concentration 240 [438]
KLuW 0.50 140 [212]
1.00 130 [212]
3.00 30 [212]
5.00 10 [212]
YVO 0.50 101 [296]
6.00 8 [296]
Continued on next page
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Table 5.2  continued from previous page.
Host CTm (at.%) τﬂ (µs) Reference
GdVO 2.00 57 [296]
4.00 15 [296]
6.00 4 [296]
LuVO 3.00 23 [296]
5.00 8 [296]
1D2
YLF 0.25 18.8 [67]
1.00 7.8 [67]
1.50 53 [311]
1.50 84a [311]
2.00 74a this study
5.00 3.2 [67]
7.00 2.2 [67]
10.0 1.0 [67]
15.0 0.6 [67]
LaF 0.10 92 [446]
0.30 85 [446]
1.00 78 [446]
YAP 1.00 17f [366]
5.00 5f [366]
5.00 35a [366]
6.00 430a [313]
YAG 0.10 50± 2 [211]
0.50 32± 2 [211]
1I6
YLF 2.00 121a this study
LaF 1.00 89 [446]
YAP 0.1 mol.% 16.7 [447]
0.5 mol.% 17.2 [447]
1.0 mol.% 15.3 [447]
YAG 0.10 37± 2 [211]
0.50 32± 2 [211]
a calculated from Judd-Ofelt theory, excluding non-radiative
phonon decay.
b derived from FüchtbauerLadenburg relation.
c approximated double decay.
d intrinsic ﬂuorescence lifetime (extrapolated to zero concentra-
tion).
e average value, calculated from Equation 2.56.
f 1/e ﬂuorescence time constant.
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5.2.2 Trivalent neodymium Nd3+ ion
The Nd3+ has only one favourable long-lived metastable level, namely the 4F3/2 manifold,
with a large energy gap of approximately 5000 cm=1 to its next lower lying 4I15/2 multi-
plet, and therefore all the energy transfer processes for UC laser systems will be related
to it. Moreover, this circumstance narrows the possibility of various UC mechanisms
down to practically one ESA transition (and associated PA phenomenon [158]).
The multiplets between the 4F3/2 and 2D(2)5/2 manifolds are energetically very close to
each other. Thus, the multiphonon relaxation de-excites any excited ions from these man-
ifolds back to the 4F3/2 energy level. The situation might be diﬀerent for the 4D3/2 and
2P3/2 excited-states since they possess slightly bigger energy gaps to the next lower man-
ifolds, where the radiative emission competes with multiphonon de-excitation. Nonethe-
less, even at cryogenic temperature, the inﬂuence of the multiphonon de-excitation is
non-negligible, and hence laser materials that have very low multiphonon decay rate are
required, e.g. in lanthanum ﬂuoride (LaF) the multiphonon decay rate for the 4D3/2 man-
ifold (∆E = 1500 cm) will be, at RT, 3.6× 105 s=1, whereas for yttrium vanadate (YVO)
the quantity is signiﬁcantly higher, i.e. 2.5× 109 s=1; see Figure 3.1 showing the multi-
phonon decay rates for various crystalline materials.
Additionally, the 2P3/2 and 4D3/2 energy levels are de-excited by temperature-dependent
CR processes [448], as depicted in Figure 5.3:
 (4D3/2,4I9/2) → (2P3/2,4I11/2),
 (2P3/2,4I9/2) → (4S3/2+4F7/2,2H(2)9/2+4F5/2).
To the best knowledge of the author of this thesis, no studies have been conducted into
potential ETU mechanism related to the high-lying manifolds of interest. In fact, such
investigation requires a substantial density of neodymium ions in these energy levels,
would not be easily accomplished mainly due to relatively fast relaxations from these
multiplets.
Under intensive pumping conditions, high inversion density may occur, leading to a situ-
ation where CR transfers are greatly reduced due to decreased population density in the
ground-state level. Furthermore, the CRs can even be eliminated when the ground-state
bleaching (GSB) is reached [146]. However, by the time a very high inversion density is
achieved in the 4F3/2 long-lived manifold, the ETU eﬀect may severely degrade the laser
performance by means of de-excitation its upper laser level population density.
Detailed description and modelling dedicated to the 4F3/2 manifold's quenching mecha-
nisms via CR and ETU processes, can be found in Guy et al. [146] for Nd:YAG, and in
Ti and Verdún [157] for Nd:YLF.
The following table includes the RT ﬂuorescence lifetimes of the potential upper laser
levels, i.e. 2P3/2, 4D3/2 and 2F(2)5/2, along with the 4F3/2 intermediate pumping level
in the double-excitation scheme.
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Table 5.3: Eﬀective ﬂuorescence lifetimes of the singly Nd-doped crystals mea-
sured or calculated at room temperature.
Host CNd (at.%) τﬂ (µs) Reference
4F3/2
BYF 0.40 470 [449]
YLF 0.76 522 [327]
0.95 525 [327]
1.22 525a [327]
1.22 501 [327]
1.42 500 [327]
1.70 440 [450]
YAG low concentration 260 [451]
0.86 220 [452]
1.00 228 [146]
1.00 225 [147]
1.50 205 [146]
1.50 186 [147]
1.70 165 [146]
2.00 172 [147]
3.00 124 [147]
3.30 103 [146]
6.00 50 [146]
2P3/2
BYF 0.40 50 [449]
YLF 0.10 35 [453]
1.70 23± 2 [450]
4D3/2
BYF 0.40 2.7 [449]
YLF 0.10 1.3 [453]
2F(2)5/2
YAG 0.86 3 [452]
a calculated from Judd-Ofelt theory, excluding non-radiative
phonon decay.
As can be seen from Table 5.3 the ﬂuorescence lifetime of the 2P3/2 manifold is more
than an order of magnitude longer than the 4D3/2 multiplet lifetimes.
For Nd:YLF, the ﬂuorescence lifetime of the 4D3/2 was found to be concentration-
independent below 300K [453]. Above this value, the decay time exhibits a double
exponential behaviour as a result of multiphonon decay into the lower energy level, i.e.
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2P3/2. The same authors pointed out that emission from the 2P3/2 manifold decreases
with the temperature above 200K.
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4I9/2
4I11/2
4I13/2
4I15/2
4F3/2
4 2F  + H(2)5/2 9/2
4 4F  + S7/2 3/2
4F9/2
2H(2)11/2
4 2G  + G(1)5/2 7/2
4G7/2
4 2G  + K9/2 13/2
2 2G(1)  + D(1)9/2 3/2
4 2G  + K11/2 15/2
2P1/2
2P(1)5/2
2P3/2
4D3/2
4 4D  + D5/2 1/2
2I11/2
2 4L  + D15/2 7/2
2I11/2
2L17/2
2 2H(1)  + D(2)9/2 3/2
2 2H(1)  + D(2)11/2 5/2
2F(2)5/2
2G(2)9/2
2F(2)7/2
2G(2)7/2
3+ 3Nd  (4f )
GSA/ESA ETU CR Laser
Figure 5.3: Schematic diagram of the radiative and non-radiative transitions of
trivalent Nd outlined in this thesis.
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5.3 Laser gain analysis
In this modelling section, based on analysis presented in Section 2.7, the available gain
for the investigated Tm-doped crystals has been estimated. The transitions from the
high-lying manifolds, i.e. 1G4 and 1D2, terminating in the 3H6 or 3F4 energy levels were
modelled including the following fractions of ions excited from the ground-state manifold,
nGS: 10, 30, 50 and 70%, whereas ΓU-R and ΓU-L variables range from =20 to 20 dB.
The GSA and stimulated emission cross-section (ECS) spectra required to obtain the net
gain cross-section, σg, are gathered in Chapter 3.
The outcome of this investigation is visualised in form of contour plots (equipotential
lines) with a colour-scale object serving as a legend. The values of these contour plots
express, identical to less complex relation (see Equation 2.72 or Figure 4.12), the net
gain cross-section. The gain coeﬃcient, g, is then calculated from Equation 2.70 as a
product of σg and Ntot quantities.
In case of anisotropic crystals, only one polarization having higher gain potential is
shown; except for the 1D2 → 3F4 transition of Tm:YLF where the σ-polarization has
comparable with the pi-polarization stimulated ECS spectrum.
It should be stressed, that this analysis does not provide the answer how to achieve
indicated population densities, but what are the implications of having these quantities
and what parameters might be necessary to obtain suﬃcient gain for an eﬃcient laser
system.
5.3.1 1G4 → 3H6 transition
Tm:YAG This material, as can be seen in Figure 5.4, has very low net gain cross-
section even at high excitation level. The linewidth of potential gain is narrow, having
only ≈1 nm full width at half maximum (FWHM) and therefore its emission wavelength
would be ﬁxed at around 486 nm wavelength.
For 1 at.% thulium concentration and net gain cross-section of about 0.15 pm2, the small
signal gain equals 0.9 dB cm=1 (or 0.2 cm=1 in linear scale)1. This value, according to the
round-trip gain coeﬃcient threshold given in Section 2.7, might be achieved for high out-
put coupler reﬂectivity (≥90%) and very low propagation loss coeﬃcient (0.025 cm=1).
1The small signal gain expressed in dB per unit length is calculated from
gdBss ≈ 4.343Ntotσg
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Figure 5.4: Contour plot of the 1G4 → 3H6 net gain cross-section for Tm:YAG.
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Tm:YAP The polarized net gain cross-section spectrum along the b-axis is shown in
Figure 5.5. The maximum values are comparable with the previously described material,
however at high excitation level wavelength tuning possibility exists.
For this polarization the strongest stimulated ECS overlaps with strong GSA (see Fig-
ure 3.39), therefore high excitation level is needed. Moreover, still the number of excited
ions must be solely (ΓU-R > 10 dB) stored in the 1G4 initial laser level, which further
complicates matters, mainly to due much longer the 3F4 level lifetime ﬂuorescence life-
time compared to the 1G4 manifold. For 1 at.% thulium concentration and net gain
cross-section of about 0.15 pm2, the small signal gain is approximately 40% higher than
for Tm:YAG.
Tm:YLF The dominant pi-polarization of the net gain cross-section is depicted in
Figure 5.6, where the maximum values are nearly identical to the previously described
materials.
A small overlap of the GSA with the peak stimulated ECS of this polarization (see Fig-
ure 3.40) around 484 nm wavelength results in relatively low excitation level to create
favourable gain conditions. At higher excitations, constraints of ΓU-R parameter are
signiﬁcantly relaxed, to about =5 dB. For 1 at.% thulium concentration and net gain
cross-section of about 0.15 pm2, the small signal gain is nearly identical as in case of
Tm:YAG; in both crystals the percentage concentration is alike (see Table 3.1). Wave-
length tuning seems to be limited to only 2 nm.
Tm:KYW Within the investigated herein spectral range, the Nm polarization has
evidently the strongest transition cross-section (see Figure 3.42), with the peak stimu-
lated ECS coinciding with the highest GSA. Thus, moderate excitation level (≥60%) is
required to overcome reabsorption eﬀect.
As can be seen in Figure 5.7 the net gain cross-section quantities are an order of mag-
nitude higher than for the previous materials. Additionally, broad spectra open up the
possibility of wavelength tuning (within few nanometers range) and generation of short
pulses in visible light (VIS) in this wavelength regime, that is quite substantial. The
gain's potential would be possible, however, only at ΓU-R > 5 dB. Even though this
crystal has the lowest thulium concentration at 1 at.% (see Table 3.1) amongst all inves-
tigated Tm-doped materials. At this level the small signal gain still yields the highest
value, speciﬁcally 2.7 dB cm=1 (or 0.7 cm=1) for σg = 1 pm2.
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Figure 5.5: Contour plot of the E‖b polarized 1G4 → 3H6 net gain cross-section
for Tm:YAP.
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Figure 5.6: Contour plot of the pi-polarized 1G4 → 3H6 net gain cross-section
for Tm:YLF.
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Figure 5.7: Contour plot of the Nm polarized 1G4 → 3H6 net gain cross-section
for Tm:KYW.
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5.3.2 1D2 → 3H6 transition
Tm:YAG The net gain cross-section spectra, depicted in Figure 5.8, are evidently
much stronger than the derived values of the 1G4 → 3H6 transition given in Subsec-
tion 5.3.1; at the same excitation level the maximum values are 4-5 times higher. Albeit,
the ﬂuorescence lifetime of the 1D2 upper laser level is order of magnitude lower [211].
The modelled gain quantities are observable already at nl = 70 %, whereas at higher ex-
citation levels the spectra become broad (possibility of wavelength tuning) and the ΓU-R
parameter relaxes into negative values. The latter feature is pivotal of this particular
transition, where the ﬂuorescence lifetime of the 1D2 manifold is short in comparison
with the 1G4 and (especially) 3F4 energy levels. For 1 at.% thulium concentration and
net gain cross-section of about 0.7 pm2, the small signal gain is quite high 4.2 dB cm=1
(nearly 1 cm=1). From the spectral shape it can be inferred that two inter-Stark transi-
tions, having very similar values, could compete for the laser threshold.
Tm:YAP The polarized net gain cross-section spectrum along the b-axis is shown in
Figure 5.9. This material has fabulous stimulated ECS (see Figure 3.44), i.e. its peak
at around 368 nm wavelength is more than 6 pm2 and only a relatively tiny GSA exists
at this particular wavelength. Therefore, the net gain cross-section is observable even
at low excitation levels. Its strength is unprecedentedly higher than for the 1G4 → 3H6
transition and comparable with Tm:KYW for the same transition (see further text).
Wavelength tuning is limited to approximately 1.5 nm FWHM only. Also in this case the
ΓU-R parameter can be as low as =3 dB. For 1 at.% thulium concentration and net gain
cross-section of about 3.5 pm2, the small signal gain is impressively high, i.e. more than
30 dB cm=1 (nearly 7 cm=1), making this material a key player for UC lasers emitting in
UV spectrum.
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Figure 5.8: Contour plot of the 1D2 → 3H6 net gain cross-section for Tm:YAG.
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Figure 5.9: Contour plot of the E‖b polarized 1D2 → 3H6 net gain cross-section
for Tm:YAP.
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Tm:YLF For this uniaxial crystal, the stronger pi-polarization of the net gain cross-
section is depicted in Figure 5.10. The gain is ﬁxed at around 362 nm wavelength and
its spectral bandwith is relatively narrow of about 1 nm FWHM.
In terms of net gain cross-section strength, the maximum values are comparable with
those of Tm:YAG, whereas the ΓU-R parameter is rather kept at positive value; this
is consequence of non-negligible GSA at the wavelength peak of the stimulated ECS
(see Figure 3.45). For 1 at.% thulium concentration and net gain cross-section of about
1.2 pm2, the small signal gain yields similar outcome as in case of Tm:YAG.
Tm:KYW As in the previously described 1G4 → 3H6 transition, this material has
the strongest net gain cross-sections amongst all the investigated Tm-doped crystals.
The Nm polarization can be seen in Figure 5.11, where even at low excitation level,
i.e. nl = 70 %, the net gain cross-section exceeds 2 pm2, a quantity unattainable for
Tm:YAG and Tm:YLF even with strong GSB. Moreover, the spectrum is suﬃciently
broad, having ≈3 nm FWHM linewidth, for wavelength tuning or short pulse operation.
Nonetheless, low content of an active dopant concentration of this material, at 1 at.%,
results in a lower value than for Tm:YAP, but still noticeably high, e.g. 12.5 dB cm=1
(2.9 cm=1) for the net gain cross-section of 4.5 pm2.
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Figure 5.10: Contour plot of the pi-polarized 1D2 → 3H6 net gain cross-section
for Tm:YLF.
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Figure 5.11: Contour plot of the Nm polarized 1D2 → 3H6 net gain cross-section
for Tm:KYW.
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5.3.3 1D2 → 3F4 transition
Tm:YAG This transition has the strongest net gain cross-sections of all the investi-
gated transitions of Tm:YAG, as can be seen in Figure 5.12; the values are more than
order of magnitude higher than to the previously analysed 1G4 → 3H6 transition.
Because the stimulated ECS (see Figure 3.51) overlaps with relatively weak 3H6 → 1G4
GSA, therefore a combined absorption spectrum, i.e. ESA and GSA, were taken for the
modelling purpose. It is expected that the maximum net gain cross-section would be
possible at around 455 nm wavelength and at longer wavelengths, i.e. above 460 nm only
under GSB condition (avoiding reabsorption by the ions from the ground-state level).
Assuming the same population densities in the lower and upper laser levels, i.e. ΓU-L =
0 dB, only moderate excitation levels are required for eﬀectively high net gain cross-
sections, and consequently leading to high values of the small signal gain.
Tm:YAP For this particular transition, the stronger stimulated ECS is present for
the E‖a polarization, as opposed to other modelled gains, where the dominant polar-
ization was along b-axis. As already pointed out (see Subsection 3.5.5), the stimulated
ECS is spectrally well-separated from the 3H6 → 1G4 GSA, and therefore the expected
inter-Stark laser transitions are prone to reabsorption by the ions from the 3F4 manifold.
The polarized net gain cross-section spectra, depicted in Figure 5.13, show three nearly
equal strong value at wavelengths of approximately 455, 457 and 460 nm. These quan-
tities are evidently higher, about 4-5 times, than what can be found for Tm:YAG or
Tm:YLF for the same transition. Thus, wavelength tuning would have discreet (rather
than continuous) character, because each FWHM linewidths of these inter-Stark tran-
sitions are less than 1 nm. The excitation levels needed for suﬃcient values of net gain
cross-section are low, e.g. for ΓU-L = 0 dB just ≈30% of excited Tm3+ ions from the
ground-state level would result in the net gain cross-section above 3 pm2.
Consequently, this gain material is also very promising for construction of eﬀective UC
lasers emitting around 455 nm wavelength.
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Figure 5.12: Contour plot of the 1D2 → 3F4 net gain cross-section for Tm:YAG.
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Figure 5.13: Contour plot of the E‖a polarized 1D2 → 3F4 net gain cross-section
for Tm:YAP.
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Tm:YLF At this particular transition, the stimulated ECSs for both polarizations
have fairly similar values, and hence the contour plots are given for these two polarizations
(see Figures 5.14-5.15). Luckily, this transition does not overlap with the GSA spectrum,
as can be seen in Figure 3.22.
In general, the net gain cross-sections are relatively low and comparable with Tm:YAG.
For each polarization, a group of four distinct wavelengths, having the strongest net
gain cross-sections, can be distinguished. That might be an advantageous feature of
wavelength tunability within ≈7 nm bandwidth. For the pi-polarization the maximum
gain is expected at 448 nm wavelength, whereas for the other polarization slightly longer
wavelength of ≈450 nm has higher cross-section. Strong spectral overlap between peaks
of stimulated ECS and corresponding ESA results in ΓU-L quantity well above 0 dB.
Furthermore, in order to achieve reasonable net gain cross-section at least 50% of Tm3+
ions should be excited from the ground-state manifold.
Tm:KYW Also for this transition, the E‖Nm polarization of the net gain cross-section
is stronger than for the E‖Np polarization, as can be seen in Figure 5.16. The peak value
of the net gain cross-section corresponds to 454 nm wavelength, whereas its linewidth is
approximately 2 nm FWHM.
The modelled values are extraordinary high, more than 30 times what can be found for
Tm:YAG or Tm:YLF for the same transition. Because the peak emission cross-section
overlaps with the maximum GSA (see Figure 3.55) therefore ΓU-L quantity well above
0 dB is required to overcome potential reabsorption loss. Very high small signal gains
(tens of dB cm=1) are possible at low excitation levels, i.e. nGS < 20 %, if the above
condition is met.
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Figure 5.14: Contour plot of the pi-polarized 1D2 → 3F4 net gain cross-section
for Tm:YLF.
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Figure 5.15: Contour plot of the σ-polarized 1D2 → 3F4 net gain cross-section
for Tm:YLF.
222 Chapter 5 Preparation for upconversion planar waveguide lasers
- 2 0
- 1 5
- 1 0
- 5
0
5
1 0
1 5
2 0
4 4 0 4 4 5 4 5 0 4 5 5 4 6 0 4 6 5 4 7 0
 W a v e le n g t h  ( n m )
 W a v e le n g t h  ( n m )
10
 lo
g 1
0 
Γ U
-L
 (
dB
)
- 4 0
- 2 0
0
2 0
4 0
6 0
8 0
σg  ( p m
2 )
nr  +
 nG
S  =
 30%
nr  +
 nG
S  =
 50%
nr  +
 nG
S  =
 70%
nr  +
 nG
S  =
 90%
 
 
 
- 2 0
- 1 5
- 1 0
- 5
0
5
1 0
1 5
2 0
 
- 2 0
- 1 5
- 1 0
- 5
0
5
1 0
1 5
2 0
 
4 4 0 4 4 5 4 5 0 4 5 5 4 6 0 4 6 5 4 7 0
- 2 0
- 1 5
- 1 0
- 5
0
5
1 0
1 5
2 0
 
Figure 5.16: Contour plot of the Nm polarized 1D2 → 3F4 net gain cross-section
for Tm:KYW.
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5.4 Planar waveguide structures
Based on the spectroscopic investigation and laser gain analysis of Tm- and Nd-doped
crystals, a request for a number of single-clad (SC) and double-clad (DC) planar waveg-
uide structures was sent to Onyx Optics. In the past, the company had fabricated
numerous high quality YAG and gadolinium gallium garnet (GGG) crystals doped with
Nd, Yb and Er ions, see e.g. [165, 454, 257].
Onyx Optics' patented Adhesive-Free Bonding (AFB) composites for solid-state laser
components has formed the basis for providing components of crystals and optical ce-
ramics to commercial and defense contractors to facilitate power scaling and compact
solid-state lasers. The key process step of forming AFB is to initially obtain optical
contact between the components to be bonded. There are a number of techniques of
establishing this optical contact but they all result in an interface that is bonded mainly
through Van der Waals forces. The pre-activated surfaces once bound are subjected to a
thermal annealing process to drive out any liquids and to enhance covalent bonding be-
tween the adjacent materials. This eﬀectively makes ﬁxed chemical bonds that are rigid
and limit the process to materials of similar coeﬃcient of thermal expansion (CTE), due
to the risk of de-bonding upon cooling back to room temperature. AFB is the Onyx reg-
istered trademark for this type of bond. It may be achieved by application of pressure,
capillary adhesion, or by bringing two clean and dry surfaces into intimate contact [455].
In most of the cases, the waveguide's cores (laser host matrix activated with single
RE3+ ion) were sandwiched between the same laser host crystal, but doped with a
RE possessing higher atomic number. The reason of doing that was twofold. Firstly,
the index of refraction slightly decreases with increasing atomic number [390] resulting
in tiny diﬀerence (in the order of 10=4 per atomic percent) between the waveguide's
clad and core refractive indices and thus possibility of achievement single-mode or low
order modes large-mode area (LMA) waveguides; see Subsection 1.2.7 in Introduction
chapter for further explanation. For thulium, the neighbouring RE chemical element
is ytterbium, whereas for neodymium, the next practical (from manufacturing point of
view) is holmium. Secondly, dielectric optical crystals with a small admixture of slightly
diﬀerent RE ions, have nearly identical thermal characteristics, e.g. the two materials
expand with the same ratio under the temperature change preventing a thermal stress
fracture at the interface between them.
The ﬁrst request to Onyx Optics included the following planar waveguide structures:
1. spinel/Yb(1 at.%):YAP/Tm(1 at.%):YAP/Yb(1 at.%):YAP/spinel,
2. spinel/Yb(2 at.%):YAP/Tm(2 at.%):YAP/Yb(2 at.%):YAP/spinel,
3. spinel/Ho(1 at.%):YAP/Nd(1 at.%):YAP/Ho(1 at.%):YAP/spinel.
All the waveguides were designed to propagate along the c-axis (Pnma space group) of
the YAP crystal, due to the lack of spectroscopic detailed for this crystallographic axis;
224 Chapter 5 Preparation for upconversion planar waveguide lasers
in other words, the waveguides had a- and b-axes in their cross-sections.
However, it should be noted that, in the case of Nd-doped waveguide's composition, care
must be taken when selecting Ho-doped waveguide clad material due to potential GSA
of Ho3+ at the excitation wavelengths. It is well-known that laser gain materials doped
with holmium are transparent at high power SDLs operating between 780 to 810 nm
wavelength, as opposite to Nd-doped materials. The problem arises for the ESA peak of
Nd3+ ion, which depending on the laser matrix can be absorbed by the GSA of Ho3+ ion.
For instance, the ESA peak (σESA = 1 pm2) of Nd:YAG is located at 470.9 nm wavelength
(see Table 3.8), but at the same time the GSA value of Ho:YAG (see Figure 5.17 as
compiled from the NASA laser material database [306]) at this particular wavelength is
0.13 pm2. Furthermore, the expected UC emission lines originating from the 2P3/2 and
4D3/2 manifolds into the four lowest 4IJ energy states, coincide with the GSA of Ho:YAG.
Hence, in the next request, the Ho-doped materials were replaced with ytterbium.
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Figure 5.17: Absorption cross-section of Ho:YAG measured at room tempera-
ture. The data taken from NASA's database of laser materials [306].
Unfortunately, this request was not met, because the waveguides cracked during the
production process, speciﬁcally while bonding the spinel2 with RE3+:YAP. The reason
behind the failure was not communicated due to the fact that AFB is patented technology
developed and owned by Onyx Optics and so the company does not want to share its
knowledge.
Currently, no other manufacturer can provide composites having diﬀerent chemical com-
position and CTEs and therefore revised waveguides speciﬁcations were agreed upon:
1. spinel/Yb(1 at.%):YAG/Tm(1 at.%):YAG/Yb(1 at.%):YAG/spinel,
2. YAP/Tm(2.6 at.%):YAP/YAP,
3. YLF/Tm(4 at.%):YLF/YLF,
4. YLF/Nd(1 at.%):YLF/YLF.
2Magnesium spinel, often just known plainly as spinel, is the most common and well-known member
of the spinel series. It has the chemical formula MgAl2O4. It is isotropic mineral, having hardness of
about 7.5 and could be colorless.
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The ﬁnal conﬁgurations and doping levels were not optimized but it was thought best
to have waveguides to test than none at all.
In the course of writing this thesis, no optical waveguides from Onyx Optics arrived.
Therefore, no feedback can be given and the future investigation will be conducted by
someone else.
5.5 Characterization of pump sources
The GSA of Tm3+-doped materials allows to select appropriate SDLs for optimum RE
ions excitation into the 3F4 metastable energy level. Among the investigated crystals,
two pumping bands having maximum peak absorption can be distinguished. The shorter
pumping wavelength, speciﬁcally 1627 nm, is attributed to Tm:YAG (see Figure 3.2),
with the GSA peak value of 1.1 pm2 and only 6 nm FWHM bandwidth. For the re-
maining Tm-doped crystals, the maximum absorption peak appears at nearly identical
wavelength, i.e. 1682± 6 nm, as can be seen in respective GSA spectra included in
Subsection 3.3.1. Furthermore, these bandwidths are much broader (more than 20 nm
FWHM) compared to Tm:YAG. This is an advantageous feature, because the tempera-
ture dependence of the emission wavelength in SDL operating in the near-infrared (NIR)
region is quite substantial if non-wavelength locking techniques are applied; e.g. in high
power semiconductor diode laser stack (SDLS) based on gallium antimonide (GaSb)
semiconductor, the shift of the central wavelengths from the threshold to the maximum
output power is 45 nm [456].
The following text concentrates mainly on optical characterization of SDLs emitting at
wavelengths close to the longer absorption bands of Tm3+-doped YAP, YLF and KYW
crystals. However, the other SDL sources, operating at ≈1620 nm (3H6 → 3F4 GSA
transition) and ≈650 nm (3F4 → 1G4 ESA transition) wavelengths, were purchased and
even prepared for future experiments, but they were superﬁcially checked, and therefore
their description is vague.
At present, limited number of companies are oﬀering semiconductor diode lasers emitting
between 1.6 to 1.8µm and above 1W of optical power. For this study, twelve prototype
SDLs have been received from AKELA3. All of them can be described as follows: a
single broad-stripe (150 µm width) emitter, up to 2.5W of CW optical power and single-
mode ﬁeld intensity (with M2y ≤ 2) in the fast-axis emitting direction. According to
the manufacturer, the maximum output power is typically limited by the sub-optimal
heat dissipation properties of the C-mount itself. In addition, the beam quality in the
unguided direction was strongly aﬀected by the driven current, reaching M2x = 15 for
the recommended CW maximum operating current, i.e. 8A.
3Now the company sells the diodes ranging from 1620 to 1690 nm wavelength from single-mode to
multimode, free space to ﬁbre-coupled single-emitters or multi-element modules. The most likely, the
lent prototypes are ALC-1680-02250-CB150 models.
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Figure 5.18: Normalized CW emission spectra of SDLs measured at 8A of driven
current and 12 ◦C temperature of C-mount package.
After the SDLs examination, two of them were rejected due to evident performance de-
viation. The remaining optical pumps were next divided into two groups, where the
criterion was the emission wavelength similarity, because each SDL had small departure
from its nominal central emission wavelength; according to the manufacturer the wave-
length tolerance is ±10 nm. The ﬁrst group of SDLs (labelled as 51, 73, 74, 75 and 91)
had the emission spectra shifted towards shorter wavelengths with respect to the second
group (numbers 52, 56, 62,68 and 90). The spectra (see Figure 5.18) were taken with
the aid of an optical spectrum analyser (OSA) with ﬁne optical resolution.
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Figure 5.19: Root mean squared mean wavelengths for all the semiconductor
diode lasers measured under CW emission at: (a) 12 ◦C and (b) 22 ◦C operating
temperatures.
Figure 5.19 shows root mean squared (RMS) mean emission wavelengths measured un-
der CW operation. Additionally, the FWHM laser bandwidths were also aﬀected by the
operational current and temperature. And so, between 4 to 8A and 12 to 22 ◦C the
value of the thermo-electro-optical coeﬃcients were estimated. The RMS mean emis-
sion wavelength increased linearly with respect to the current (slope 2.16± 0.06 nmA=1)
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and temperature (slope 0.68± 0.04 nmK=1). Whereas the FWHM laser bandwidth
was fairly constant with temperature and linear with respect to the current (slope
0.44± 0.02 nmA=1). The output power revealed a little kink at the highest driven cur-
rent (see Figure 5.20), apart that the dependence was quite linear with the average slope
eﬃciency of 0.33± 0.01WA=1. With increased C-mount package's temperature the laser
power dropped as 21± 5mWK=1. The relevant coeﬃcients are gathered in Table 5.4.
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Figure 5.20: CW outout power of SDLs measured at 12K temperature of C-
mount package.
It should be noted that, under pulsed operation the performance of these SDLs was
altered, primarily due to lower heat generation within their active structure. Generally,
it was inferred that few times above the threshold value, decreasing the duty cycle of
the drive current generated a similar behaviour to decreasing temperatures under CW
operation mode.
Current Temperature
RMS mean wavelength 2.16± 0.06 nmA=1 0.68± 0.04 nmK=1
FWHM laser bandwidth 0.44± 0.02 nmA=1 constant
Output power 0.33± 0.01WA=1 =21± 5mWK=1
Table 5.4: Thermo-electro-optical coeﬃcients for 1.69 µm semiconductor diode
lasers, valid for 17± 5 ◦C temperature of C-mount package and 6± 2A driven
current.
The output of the diodes was highly transverse electric (TE) polarized (electric vector
was horizontally oscillating with respect to an optical table), thus for anisotropic crystals
the most practical way of selecting the optimum operational temperature and polariza-
tion with respect to the crystallographic axes was to measured how much their output
power was absorbed after a single-pass though the Tm-doped media. For that purpose,
Tm(3 at.%):YAP (length of 7mm) and Tm(1 at.%):KYGdLuW (length of 1.4mm) bulk
samples were used. The Fresnel reﬂections from both uncoated materials were removed,
R ≈ 10 %, from unabsorbed laser power; the refractive indices were taken from Martin
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and DeShazer [367] and Bolaños et al. [370] for YAP and KYGdLuW crystals, respec-
tively.
In the case of Tm:YAP, the highest GSA peak polarized along the E‖b crystallographic
axis strongly overlaps with the emission spectra of the SDLs and hence for maximizing
the incident laser power the diode should operate at full power and under low tempera-
ture of package. This is clearly evident in Figure 5.21.
The tungstate crystals possess the strongest absorption feature around 1675 nm for the
E‖Np principal optical axis, which could have not been hit with any of the these diodes,
even at low set temperature, i.e. 12 ◦C. Therefore, the SDLs generating shorter wave-
lengths were polarized along theNp principal optical axis to hit the side of this GSA peak,
whereas for the other diodes their polarization of emission was rotated by 90° to maximise
absorption along the Nm principal optical axis. The outcome is shown in Figure 5.22. It
can be inferred that the amount of absorbed power is temperature-independent for the
SDLs lasing at longer wavelengths, due to fairly ﬂat GSA of the E‖Nm principal optical
axis in the 1.68 to 1.70 µm spectral range (see Figure 3.5). Whereas, for the orthogonal
polarization corresponding to the E‖Np principal optical axis, a decent absorption exists
only when the diodes operate at depressed temperatures, i.e. 10 ◦C and below.
High beam divergence in the fast-axis direction of emission was in-house collimated with
a fast-axis collimator (FAC) FAC850-D from LIMO. The customized anti-reﬂective (AR)
coating for the micro-optics was broad enough to cover the spectral range for the both
types of 16xx SDLs. The collimated optical beam radius was about 0.75mm at the FAC's
facet.
The ultimate goal was to optically stack the laser beams to utilize such pumping con-
ﬁguration in a DC waveguiding structures, analogous to the beam-shaping techniques
applied in semiconductor diode laser bar (SDLB) and SDLS, see e.g. [162, 457]. Which
underpins, the justiﬁcation of grouping the SDLs having similar performance, to simplify
requirement of active cooling these diodes. This approach would allow improvement in
optical power with a small sacriﬁce of radiance (dead spacing between the stacked op-
tical beams in the fast-axis direction). However, as it was already explained in the
Modelling chapter (see Section 2.8), coupling non-diﬀraction-limited optical beam into a
DC waveguide inner clad can be equally eﬀective way of exciting an active waveguide's
core.
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Figure 5.21: Contour plot of the absorbed laser power in the 7mm long bulk
sample of Tm(3 at.%):YAP along the b-axis. Left column includes SDLs emit-
ting at shorter wavelengths than SDLs gathered in right column.
230 Chapter 5 Preparation for upconversion planar waveguide lasers
1 2
1 4
1 6
1 8
2 0
2 2
E ||N m
A b s o r b e d
p o w e r  ( W )
 
T
em
pe
ra
tu
re
 (
°
C
)
0 .1 0
0 .1 4
0 .1 8
0 .2 2
0 .2 6
D io d e  # 5 1
D io d e  # 7 3
D io d e  # 7 4
D io d e  # 7 5
D io d e  # 9 1
D io d e  # 5 2
D io d e  # 5 6
D io d e  # 6 2
D io d e  # 6 8
D io d e  # 9 0
1 2
1 4
1 6
1 8
2 0
2 2
 
 
1 2
1 4
1 6
1 8
2 0
2 2
 
 
1 2
1 4
1 6
1 8
2 0
2 2
 
 
 
 
1 2
1 4
1 6
1 8
2 0
2 2
 
 
 
1 2
1 4
1 6
1 8
2 0
2 2
 
 
 
 
1 2
1 4
1 6
1 8
2 0
2 2
 
 
 
 
1 2
1 4
1 6
1 8
2 0
2 2
 
 
 
 
5 .0 5 .5 6 .0 6 .5 7 .0 7 .5 8 .0
1 2
1 4
1 6
1 8
2 0
2 2
 
C u r r e n t  ( A )
E ||N p
5 .0 5 .5 6 .0 6 .5 7 .0 7 .5 8 .0
1 2
1 4
1 6
1 8
2 0
2 2
 
 
 C u r r e n t  ( A )
 
Figure 5.22: Contour plot of the absorbed laser power emitted by a SDL around
1.68 µm wavelength in the 1.4mm long Tm(1 at.%):KYGdLuW along the Np
(left column) and Nm (right column) optical principal axes.
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The other purchased pumping source for the 3F4 manifold excitation of Tm:YAG were
prototype SDLB from LDX Optronics4, consisting of 19 emitters (150 µm width and
30% ﬁll factor), emitting around 1620 nm, with maximum CW 8W output power and
enclosed in conduction-cooled (CS) package. However, none of these bars have been
tested, mainly because an early stage of experiments with the AKELA's diodes.
Finally, an initial characterization of high power SDLBs emitting around 650 nm wave-
length purchased from Modulight5 was performed; the following conclusions are drawn
based on one of the tested diode performance. The selection of these diodes was based
on prior ESA measurement corresponding to the 3F4 → 1G4 transition for which all
the investigated Tm-doped samples revealed strong absorption feature around 649 nm
wavelength (except for Tm:YLF which possesses the ESA peak at slightly shorter wave-
length); see Table 3.6 in the Spectroscopy chapter.
The output from the diodes was TE polarized and in-house attached with a state of the
art Beam Transformation System (BTS) from LIMO. Nevertheless, the main issue with
the diode was its heat generation exceeding cooling capacity of an active thermoelectric
cooling (Peltier element) and therefore the diode was subsequently mounted on a water-
cooled heat sink. The latter solution did not allow substantial temperature reduction
of the CS package, though. The emission wavelength was, despite the manufacturer's
speciﬁcation, shifted towards shorter wavelengths matching only the ESA for Tm:YLF
medium.
5.6 Laser optics
The endeavour at working with UC lasers put constraints on selection of optical compo-
nents properties and applied to them optical coatings to obtain sought performance.
First of all, the materials must be transparent at desired wavelengths, which actually is
not problematic for VIS and NIR light, i.e. roughly 400 to 2000 nm spectral range, where
borosilicate crown glasses, e.g. BK7, are suﬃce for standard applications. However, in
UV spectrum most likely the substrate would have to be switched to more expensive
materials, e.g. UV fused silica or CaF2, having increased transmission deeper into UV
light. Secondly, the right optical coating must be chosen taking into account light po-
larization dependence, angle of incidence (AOI) or transmittance/reﬂectance at desired
wavelengths. For UC lasers pumped with two wavelengths largely separated from each
other, e.g. 650 and 1680 nm, usually a custom-made optical coating is necessary.
In the following the designs and characterization of custom optics needed for an UC
Tm-based laser are described.
4LDX Optronics. Located in Maryville, TN (USA); homepage: http://www.ldxoptronics.com
5Modulight. Located in Tampere (Finland); homepage: http://www.modulight.com
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5.6.1 Laser mirrors
For planar waveguide lasers (PWLs), the most common laser resonator conﬁguration is
the FabryPérot (F-P) optical cavity made of thin dielectric mirrors butt-coupled to the
waveguide's end-facets. Therefore, for an early stage of experiments, ﬂat-parallel laser
mirrors were expected to suﬃce. However, in order to gain a control over spatial laser
distribution in the unguided direction within the active element, more sophisticated op-
tical cavities are needed, e.g. asymmetric Z-fold or unstable laser resonator.
The biggest challenge of manufacturing these dichroic lasers mirrors is the diﬀerent trans-
missions for the pump and laser wavelength spectral regimes, e.g. the optical coating
applied to an input coupler (IC) must be highly transmitting at a pump wavelength and
at the same time must be highly reﬂective at a laser wavelength. Moreover, the situation
is more complex when the wavelengths of interest are well-separated from each other,
i.e. by more than 1500 nm. Another degree of complexity is added for the additional
spectral region to be incorporated into the optical coating, e.g. for UC lasers utilizing
a double-excitation scheme (optical pumping with two diﬀerent pump wavelengths) or
intra-cavity second-harmonic generation (SHG).
The Tm-doped UC laser scheme that is of interest covers the following spectral regions:
1. the expected laser wavelength of the 1G4 → 3H6 transition, i.e. 460 to 490 nm,
2. the ﬁrst excitation pump wavelength corresponding to the 3H6 → 3F4 GSA,
3. the second excitation pump wavelength corresponding to the 3F4 → 1G4 ESA.
In addition, one more spectral region can be implemented, namely highly transmitting
at the strongest intermanifold optical transitions, in the case of Tm it is the 3F4 → 3H6
transition, in order to suppress ampliﬁed spontaneous emission (ASE) phenomenon typ-
ically occurring for optical waveguides.
Taking into account what SDLs have been bought (see the previous section), assuming
a simple F-P optical cavity and double-pass end-pumping conﬁguration, a request was
sent to 6 manufacturers of advanced optical dielectric coatings. The speciﬁcations for
three optical coatings are listed in Table 5.5 and schematically sketched in Figure 5.23.
An additional spectral region (between 780 to 810 nm) was included for practical rea-
son, namely serving as an alternative approach of GSA excitation via the 3H6 → 3H4
transition and the (3H6,3H4) → (3F4,3F4) CR mechanism.
As can be inferred from Table 5.5, Coating1 and Coating2 constitute a laser resonator,
where approximately 20% is coupled-out from the gain medium. Whereas Coating3
prevents unwanted Fresnel reﬂections for the laser as well as the pumps wavelengths.
However, it may seem to be excessive to deposit Coating3 onto the opposite side of a
substrate where the Coating2 serves as high-reﬂection (HR) mirror at the pumps wave-
lengths, but it was found out that the cost of Coating3 was not much higher than for
single AR coating at the laser wavelength.
Laser mirrors were fabricated with this combination of these 3 optical coatings, i.e. IC
Chapter 5 Preparation for upconversion planar waveguide lasers 233
Gain medium 460 - 490 nm
630 - 660 nm
780 - 810 nm
Laser output
Optical pumps
1620 - 1720 nm
1900 - 2100 nm
ASE
Coating1
Coating2
Coating3Coating3
Figure 5.23: Spectral properties of upconversion laser mirrors in the FabryPérot
conﬁguration.
Spectral range Coating1 Coating2 Coating3
460 to 490 nm HR R ≈ 80 % AR
630 to 660 nm AR HR AR
780 to 810 nm AR HR AR
1620 to 1720 nm AR HR AR
1900 to 2100 nm R < 30 %
Table 5.5: Speciﬁcation of optical coatings for potential laser based on the
1G4 → 3H6 transition and double-excitation scheme utilizing the 3H6 → 1F4
and 3F4 → 1G4 GSA and ESA transitions, respectively.
(Coating1 + Coating3) and the output coupler (OC) (Coating2 + Coating3) to be used
in an end-pumping double-pass conﬁguration.
Initially, only two out of the six companies replied to the above request. However, a
representative of one of them stated that [458]
Upon careful analysis, it has been determined that this project would require
signiﬁcant development work. I estimate this to cost >50 000 $ for all 3
coatings.
and therefore the oﬀer was rejected. Thus, only one company left, namely Photop6.
After many iterations of the optical coating performance, the simulation of transmission
traces, shown in Figure 5.24, had been accepted and soon after that the laser mirrors
arrived. As can be seen in Figure 5.24, the transmittance of the optical coatings are
not great, especially in the spectral regions where high transmission is desired, otherwise
about 8% of optical pump powers would be lost due to the Fresnel reﬂection from both
surfaces of the IC. Furthermore, in the expected UC laser transition around 480± 10 nm
wavelength, Coating2 has rather poor characteristics, i.e. far from being ﬂat. Nonethe-
less, before placing the order, a warning related to a potential issue within this particular
spectral region was given.
6Photop Technologies is a subsidiary of II-VI company. Located in Fuzhou (China); homepage:
http://www.photoptech.com
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Figure 5.24: Unpolarized spectral transmittance of dielectric optical coatings
deposited onto the laser mirrors: (a) the whole spectral range of interest, (b)
zoomed transmittance of a region for which laser action is expected. The curves
were received from the manufacturer.
It can be concluded that, for any UC scheme involving large spectral separation between
laser and pumps wavelengths, the superior optical coatings would be diﬃcult to get at
a reasonable price. This includes direct excitation of the 3F4 manifold from which an-
other more energetic pump photons excite Tm3+ ions into highly positioned energetic
level. Nonetheless, this shortcoming does not exist when the gain element is pumped
at comparable wavelengths and relatively close laser wavelength, e.g. see the last two
columns in Table 5.1 where all the pumps and lasers wavelengths are enclosed within
approximately 500 nm spectral range.
5.6.2 Other optical components
In case of simple lenses (such as spherical, aspheric and cylindrical forms), more than
15 leading global suppliers of optical components has been checked, and none of them
had in their standard oﬀer broadband AR coating covering the aforementioned pump
wavelengths of interest, i.e. 650 and 1680 nm.
Coincidentally, it was discovered that the C-coated lenses from Thorlabs actually can
be used outside their speciﬁcation (AR coating between 1050 to 1700 nm), namely at
650 nm wavelength, at which the AKELA SDLs lase. This lucky coincidence is depicted
in Figure 5.25 as measured with the aid of a spectrophotometer; the same ﬁgure includes
spectral reﬂectance of the Thorlabs C-coating received from Thorlabs Technical Support
Department. However, it is well-known that optical coatings vary from run to run, for the
speciﬁed spectral region, leading to the situation where the out of speciﬁcation spectral
range has completely altered shape. Therefore, the traces in Figure 5.25 are signiﬁcantly
diﬀerent below 500 nm wavelength, but at the same time the spectral shapes above
this value are nicely preserved and having local maximum transmission around 650 nm
wavelength.
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Figure 5.25: Spectral transmission through a 1000mm focal length C-coating
deposited onto NBK7 glass lens from Thorlabs. As a comparison, a spectral
reﬂectance, measured at 8° AOI, received from Thorlabs is shown.
An another issue, worth mentioning, is chromatic aberration7 for a singlet lens. In an end-
pumping conﬁguration, it is inevitable to use a common lens in order to focus both optical
pump beams into a waveguiding structure. However, due to chromatic aberration the
focal planes for the respective pump wavelengths appear at slightly diﬀerent longitudinal
positions. This is especially critical for eﬀective launching of the optical pump beams
into a SC optical waveguide, and less crucial for a DC structure. For instance, the focal
length, f , of thin spherical lens given by the lensmaker's formula is [252]
1
f(λ)
= [n(λ)− 1]
(
1
R1
− 1
R2
)
(5.1)
where R's are the radii of curvature of the lens surfaces. Assuming an aspheric biconvex
lens (C240TME from Thorlabs) with eﬀective radii of curvature 5.07 and =61.17mm
for R1 and R2, respectively, made of ECO-550 glass, the eﬀective focal lengths can be
calculated from Equation 5.1. The refractive index at 650 and 1685 nm wavelength was
estimated from the LightPath8 technical documents to be 1.602 and 1.585, respectively.
And so, the separation between focal planes is nearly 230µm, a value being more that
an order of magnitude larger than a cross-section of optical waveguide's active core and
cannot be underestimated. One of the simples way of minimizing this drawback is to
use achromatic lens, in which optical materials having diﬀerent dispersion are assembled
together to form a compound lens.
Aside from chromatic aberration, another group of optical distortions have signiﬁcant
impact on propagation and focusing of optical beams, namely spherical aberration9.
7The eﬀect of chromatic aberration happens when a lens is unable to bring the wavelengths of color
to the same focal plane, or it can be caused when they are focused at diﬀerent positions in the focal
plane.
8LightPath Technologies. Located in Orlando, FL (USA); homepage: http://www.lightpath.com
9In spherical aberration, parallel light rays that pass through the central region of a lens focus farther
away than light rays that pass through the edges of the lens.
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Reduction in this phenomenon is achieved in usage of aspheric lenses.
To conclude, the chromatic and spherical aberrations for an in-coupling lens (the ﬁnal
lens which focuses light into a waveguiding structure) for two largely separated pump
wavelengths, can be signiﬁcantly diminished by selecting appropriate achromatic aspheric
lenses with a suitable AR optical coating.
In the future experiments, the AKELA's single-emitter SDLs will be optically stack to-
gether as already explained in the previous section (see Section 5.5). An economical
solution of doing so is using silver-coated mirrors rather than broadband dielectric mir-
rors. The performance of protected (SiO2 overcoat) silver mirror from Thorlabs was
checked at 45° AOI for both optical beam's incident polarizations and at full output
power; the mirror was irradiated with approximately 110Wcm=2. The obtained Fres-
nel reﬂectances are high, namely 95.7± 3.9 and 99.8± 5.1% for pi- and σ-polarization,
respectively. These results are in very good agreement with the manufacturer's speciﬁ-
cation, pointing out that the σ-polarization has slightly higher Fresnel reﬂectance and
therefore the polarization of the SDL should be aligned to meet this condition. Moreover,
the same experiment was conducted for a silver mirror from another supplier, namely
Comar10, yielding pretty much an identical outcome.
In short, the silver mirrors are found to be eﬃcient and economical steering mirrors for
mid optical power applications operating at ≈1.68µm, and most likely at a bit shorter
1.62 µm wavelength.
Another pivotal optical component is the end-pumped double-excitation conﬁguration is
a dichroic beamsplitter being used to combine two optical beams of diﬀerent wavelengths,
i.e. 650 and 1680 nm, as can be seen in Figure 5.1. Dichroic beamsplitters diﬀer from
typical beamsplitters in that the optical beams can be combined (separated) without a
signiﬁcant loss of intensity. Again, due to a wide wavelength range necessity for this
particular element, a custom-made dichroic longpass ﬁlter was fabricated by LEO11 to
operate at 45° AOI. Its optical coatings' construction allows transmission of the longer
wavelengths, whereas the short wavelength reﬂection. The measured quantities were
nearly polarization-independent equal to 95.6± 1.2% and 98.2± 1.3% for transmittance
and reﬂectance, respectively.
Due to wavelength drifting of the Modulight SDLB under the temperature and current
inﬂuence, a Volume Bragg Grating (VBG) narrowband optical ﬁlter was purchased from
OptiGrate12 to eﬀectively lock the pump wavelength at the maximum ESA peak. From
the conducted ESA measurements at the 3F4 → 1G4 transition (see Section 3.4.1) it
can be inferred that the wavelength around 649.6 nm has maximum absorption value
for the investigated Tm-doped materials (except Tm:YLF). Therefore, the VBG at this
particular wavelength, with AR optical coating on it, was ordered.
10Comar Optics. Located in Linton, UK; homepage: http://www.comaroptics.com
11Lattice Electro Optics. Located in Fullerton, CA (USA); homepage: http://www.latticeoptics.
com
12OptiGrate. Located in Oviedo, FL (USA); homepage: http://www.optigrate.com
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Additionally, the VBG with the central wavelength 1627.9± 1.0 nm was bought to opti-
mise GSA of Tm:YAG. Unlike other Tm-activated crystals, this one has relatively nar-
rowband character (6 nm FWHM bandwidth), hence the necessity of wavelength locking
mechanism.
5.7 Discussion
The content included in this chapter reviews the basics of UC lasers, speciﬁcally based on
Nd3+ and Tm3+ ions, in the double-excitation scheme, capitalizing on the spectroscopy
of the active ions, laser geometry, pumping sources and optical components.
The modelling of the 1G4 → 3H6 laser transition revealed that this transition is rather
weak, in terms of cross-section values and its reabsorption nature, however it has consid-
erably longer ﬂuorescence lifetime when compared with the other two laser transitions
originating from either 1D2 or 1I6 manifolds. Thus, it is reasonable to take into account
both spectroscopic quantities and calculate their product, i.e. σSE × τﬂ, remembering at
the same time that ﬂuorescence lifetime varies with a dopant level.
The estimated laser transition strengths (see Table 5.1), highlight that the 1D2 → 3F4
transition has the highest electric dipole emission oscillator strength amongst all the
calculated transitions. This is supported by the measured ESA spectra, from which the
stimulated emission is easily determined by the reciprocity method (RM).
For the designed pumping conﬁguration, it was found that a large separation between
the pump wavelengths and expected laser transition around 475± 15 nm is challenging
in terms of fabrication of appropriate dielectric coatings. For low gain laser systems, any
additional loss, being as high at 10% from a single Fresnel reﬂection from uncoated inter-
face, greatly reduces chances of the laser threshold. This question must be addressed in
the future setups. From that, it can be inferred that even wider spectral range, e.g. UV
emission upon pumping with the blue and 16xx diodes (see second column in Table 5.1),
the optical coatings would not be feasible at all. Moreover, normally UV light requires a
special non-absorbing materials for the dielectric layers constituting the optical coating,
which may not be optimized for longer wavelengths up to 800 nm. In general, the optical
components with the right anti-reﬂection and laser coatings increases the overall cost
more than any other stock optics.
Another issue related to the large spectral separation between the pump wavelengths
is the alignment process. For the waveguide structures, which may have pretty small
pumping cross-sections (e.g.. SC architecture), the accurate alignment of overlapping
optical beams is more crucial than for their bulk medium counterparts. Typically, a
camera-based monitoring system is employed to determined the size as well as space
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orientation of an optical beam. However, not such device is currently available for inves-
tigation of the 16xx nm and 400-700 nm wavelengths at the same time. These and other
questions must be addressed.
For Tm-doped materials utilizing the double-excitation conﬁguration, the optical gain
does not increase linearly with the dopant level, because the active ions start to inter-
act with each other, eﬀectively quenching the lifetimes of the upper laser levels. Even
at relatively low concentrations, the non-radiative processes dominate over radiative re-
laxation, which generates undesired thermal load in the active element. Therefore, a
thorough analysis must be undertaken to provide the best lasing conditions.
The same conclusions can be drawn for the laser materials doped with Nd ions, for which
the potential upper laser levels, i.e. 4D3/2 and 2P3/2, were found to be concentration-
dependent. Additionally, these RE ions have inherently short ﬂuorescence lifetimes,
which is the result of strong multiphonon de-excitation at RT, and therefore it would be
rather challenging to achieve a CW watt level optical power.
The interconﬁgurational transitions, i.e. terminating in the 5d orbital, are not expected
for direct excitation from the intermediate level for both RE ions. These bands for
Tm3+ and Nd3+ are typically largely separated from the ground-state manifold, e.g. in
Tm:YAG the energy gap between the 3H6 absorption edge of the 5d state is approximately
52 000 cm=1, as estimated from [459]. However, at high population density of a higher
lying upper laser level, an ETU scheme or an ESA at an expected laser wavelength might
exist, as schematically shown in Figure 5.2.
Many of the considerations included in this chapter might be useful for other potential
UC laser schemes, e.g. the 1I6 → 3F4 transition upon pumping into the 3H4 manifold
(GSA) and subsequently into the 1I6 or just above the higher positioned energy levels
(ESA).
With the constant improvement in performance of the SDLs emitting in the purple
spectral region, in a near future it would be possible to explore another ESA channel
in Nd-doped materials. By looking at the energy level diagram of this RE ion, see e.g.
the complete energy level diagram of trivalent neodymium in Figure 1.6, it is evident
that pumping with a wavelength somewhere between 360 to 390 nm could excite the ions
from the 4F3/2 intermediate energy level into high-lying manifolds, where one of them,
namely 2F(2)5/2, could be considered as a metastable, with the ﬂuorescence lifetime on
the order of few microseconds when embedded into YAG matrix [452].
Chapter 6
Conclusions
6.1 Results and discussion
Within the framework of this thesis, several Tm3+- and Nd3+-doped crystals were charac-
terized for their spectroscopic properties, and discussed as promising upconversion (UC)
laser sources emitting in the ultraviolet (UV) and purple-blue spectral regions. For both
rare earth (RE) ions the double-excitation mechanism has been explored as an eﬃcient
pathway for exciting high-lying metastable energetic states.
All the spectroscopic investigations were deliberately performed at room temperature
(RT), because future UC laser systems would ideally be simple setups, avoiding of com-
plex cryogenically-cooled conﬁgurations, which were used to demonstrate early UC lasers.
For anisotropic laser crystals, light-polarized measurements were undertaken, including:
ground-state absorption (GSA) as well as excited-state absorption (ESA) from the 3F4
and 4F3/2 metastable levels for thulium (Tm) and neodymium (Nd) ions, respectively.
For many of the investigated herein materials, the absolute value of the ESA spectra
were derived for the ﬁrst time. These spectra are related to readily available high power
semiconductor diode lasers (SDLs), speciﬁcally operating in the 630 to 660 nm and 440
to 470 nm spectral regions. For Tm-doped materials, it was found that the 3F4 → 1G4
ESA transition has moderate absorption values concentrated around 650 nm wavelength
(except Tm:YAG which maximum peak is located at much shorter wavelength than for
the other crystals). On the other hand, the 3F4 → 1D2 ESA transition is much more
stronger than the previous one, especially for Tm:YAP (σESA = 6.5 pm2) and Tm:KYW
(extremely strong σESA = 57 pm2). For Nd-doped materials, it was proven that the
4F3/2 → 2P3/2 ESA transition (spectral range approximately 690 nm) of all the samples
was extremely weak, therefore it could not considered as a useful excitation approach.
The second ESA transition in the purple-blue spectral region revealed moderate absorp-
tion values for Nd:YAP and Nd:YLF materials. Nd:YVO cannot be pumped by ESA
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wavelengths below 515± 5 nm due to charge transfer (CT) to the host lattice. Fortu-
nately, only in a few cases the ESA spectra weakly overlap with the GSA spectra, and
therefore the proposed double-pumping conﬁguration may result in good absorption ef-
ﬁciency at a desired transition.
Furthermore, a number of stimulated emission cross-sections (ECSs) for Tm-activated
materials were estimated, utilizing the reciprocity method (RM). Some of these (origi-
nating from either 1G4 or 1D2) were subsequently used in a laser gain model, taking into
account population densities of three energy levels, i.e. the upper, lower and intermedi-
ate laser levels.
The 3F4 ﬂuorescence lifetime of singly Tm-doped crystals was measured, utilizing the
non-destructive pinhole technique, accounting for several diﬀerent dopant concentrations
and laser hosts and compared with the literature data. In all the investigated instances,
the artiﬁcially lengthened ﬂuorescence lifetime was successfully reduced to reveal its in-
herent value.
The above spectroscopic quantities, along with other measured or calculated parameters,
can be used in the laser rate equation kinetics. Thus, a set of linear rate equations for
large number of energy levels involved, was developed (see Section 2.9).
Initial preparations for future UC experiments were undertaken. Based on prior exper-
imental results, a few SDLs operating at diﬀerent wavelengths, corresponding to the
GSA and ESA peak values for Tm-doped materials, were purchased. One of those ex-
citation sources, namely single-emitter SDLs emitting around 1.68 µm, were thoroughly
examined. Moreover, micro-optics components, such as fast-axis collimators (FACs),
Volume Bragg Gratings (VBGs) and Beam Transformation System (BTS), were bought
for future experiments; some of the optical elements were coupled with the diodes for
preliminary investigations. The custom-made laser mirrors were received to be used in
a simple FabryPérot (F-P) optical cavity conﬁguration.
Despite the eﬀort in gathering all the essential elements for making a laser, due to un-
forseen manufacturering problems with the planar waveguide structures, no gain elements
were delivered in time for laser experiments to be conducted.
Planar waveguide laser (PWL) operation, at RT, in the 2 µm wavelength regime were
obtained from Nd3+:YAG and Tm3+:YO. The active elements were planar waveguides,
double-clad (DC) and single-clad (SC), respectively, and were longitudinally pumped.
The ﬁrst output power above 1W level from the very weak 1.8 µm Nd:YAG transi-
tion, 4F3/2 → 4I15/2, was demonstrated with the DC PWL architecture, with a quasi-
monolithic laser resonator and highest reported 1.36± 0.07W continuous wave (CW)
output power. The slope eﬃciency, with respect to the incident optical pump power,
was ηs ≈ 8 %, highlighting the superiority of the PWL geometry in terms of achieving
reasonable laser performance on very weak gain transitions. For this particular case,
the eﬀective stimulated emission cross-section at the 1064 nm transition is about 76
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times higher than that for 1833 nm wavelength. Unfortunately, due to catastrophic op-
tical damage to the end-facet optical coatings, further investigation had to be stopped.
However, before that happened, the beam quality factors were roughly measured to be
M2y = 2.5± 1.0 and M2x = 15± 5 in the guided and unguided directions, respectively.
Laser action was also demonstrated for the ﬁrst time from a Tm:YO waveguide fabri-
cated by the pulsed laser deposition (PLD) technique. This novel structure comprised of
two dissimilar materials, i.e. a thin Tm-activated layer deposited onto an undoped YAG
substrate. The active element was pumped with a diﬀraction-limited Ti:sapphire laser
tuned to match the maximum absorption peak of Tm:YO, namely 796.5 nm wavelength.
The quasi-monolithic laser resonator was a pair of ﬂat-parallel dielectric laser mirrors,
with several output couplers (OCs) tested leading to an operating wavelength of 1.95 µm.
A maximum CW output power of 35mW with 9% slope eﬃciency, with respect to the
incident optical pump power, was achieved with a laser resonator having an OC trans-
mittance of 15%. The threshold pump power was 160mW due to propagation losses for
the active ﬁlm of about 2 dB cm=1. The kink-free laser power was only limited by the
pump's maximum available optical power, roughly 600mW.
Finally, an attempt at in-band pumping a Tm:KYGdLuW planar waveguide was made,
however the threshold pump power was not reach at the highest available CW optical
pump power of nearly 1.7W. Even for an OC having only 5% transmittance the system
did not lase. A potential explanation of this incapability was a mechanical damage of
waveguide's end-facets, as elaborated on in Section 4.3.
6.2 Future work
The following suggestions might be useful only when the future optical planar waveg-
uides are tailored to work with non-diﬀraction-limited optical pump beams and with low
propagation losses. Such waveguides are the paramount parts and thus without them the
idea of eﬃcient, high power UC lasers go in vain. Ideally, the waveguiding architectures
will be DC structures fabricated with the aid of Adhesive-Free Bonding (AFB). How-
ever, as was found that this technology might not be feasible for processing anisotropic
materials, and therefore other alternative techniques should be sought.
An immediate laser experiment that could be done is presented in Figure 5.1, comprising
double-step excitation scheme for Tm-doped crystals. As already mentioned in the pre-
vious chapter, nearly all optical components were purchased for this particular pumping
arrangement. In the ﬁrst attempt, a single SDL operating at 1.68 µm and semiconductor
diode laser bar (SDLB) emitting around 650 nm wavelength, could be suﬃcient for reach-
ing the laser threshold.
Next, a beam-shaper for the AKELA's diode would greatly improve the optical pumping
power. Other double-pumping conﬁgurations on the back of the results derived from the
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studies herein, listed in Table 5.1, will require substantial or even fundamental redesign
of the laser setup and purchase of new optical components, e.g. laser mirrors with the
appropriate dielectric optical coatings or a dichroic beamsplitter.
Nonetheless, taking into account the gathered optical parts, it might be relatively easy
to convert the setup from Figure 5.1 into the following arrangement: the potential
1D2 → 3F4 laser transition, operating between 445 to 455 nm spectral range, would
be covered by the designed laser mirrors, whereas the 1.68µm SDL (responsible for the
3H6 → 3F4 GSA) would be replaced by other diode operating around 800 nm wavelength
(the 3H6 → 3H4 transition), and the 650 nm wavelength SDLB would remain unchanged
(the 3H4 → 1D2 ESA). It is likely only to be possible for Tm:YLF, which has nearly
identical ESA peak absorption wavelengths at 648.2 nm (this investigation) and around
649 nm [460], for the 3F4 → 1G4 and 3H4 → 1D2 transition, respectively.
It would be also interesting to investigate the emission behaviour of other Tm-doped
materials under this particular double-excitation approach.
Another potential direction would be to examine photon avalanche (PA) eﬀect as an
alterative approach to UC lasers for Tm-doped materials. According to the theory pre-
sented in Section 1.2, the PA mechanism incorporates a cross-relaxation (CR) energy
transfer along with an ESA. These two processes perfectly coincide with the measured
3F4 → 1G4 ESA transition (covered by 650 nm SDLB) and CR between the upper laser
level, 1G4, and the ground-state manifold, 3H6, as observed by Hehlen et al. [437]; the
calculated CR microparameters for the same Tm:YLF material can be found in Thachuk
et al. work [142, 138].
Similar studies could be performed in Nd-doped crystals, for which the ESA spectra
originating from the 4F3/2 energy level were measured.
The next suggestion concerns a laser resonator construction. For high slope eﬃciency and
low threshold pump power, it is necessary to have very good spatial overlap between the
pump and laser optical modes within the gain medium. For UC lasers high pumping rates
are required, because most of the radiative transitions have weak stimulated emission
cross-sections and short upper laser level lifetimes. For power and radiance scaling, an
external stable laser resonator, e.g. asymmetric Z-fold optical cavity, may meet the above
requirements [461].
Apart from the above mentioned, further spectroscopic studies of both RE ions associated
with eﬃcient UC emission in UV and purple-blue spectral range, would be of paramount
importance. These include: better understanding of the intrinsic ﬂuorescence lifetime of
high-lying metastable energy levels (i.e. 1G4, 1D2 and 1I6 manifolds of Tm3+, and 2P3/2,
4D3/2, 2F(2)5/2 and 2G(2)9/2 energy levels of Nd3+), transition (upwards and down-
wards) cross-sections and non-radiative transitions aﬀecting the manifolds of interest.
Ideally, the measurements should be performed for diﬀerent dopant concentrations, and
the outcome supported by the spatially dependent rate equations to select an optimum
conﬁguration for the active waveguide.
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Finally, other RE ions could be considered as potential candidates of UC lasers operating
in the spectral region below 500 nm wavelength. By considering energy levels diagram
of RE ions, the following intraconﬁgurational transitions, at RT, could be worth a try:
 europium (Eu) emission from the 5D3 and 5H3 manifolds [462],
 terbium (Tb) emission from the 5D3 manifold [463],
 erbium (Er) emission from the 2H9/2 and 4G11/2 manifolds [464].
Future work needs to focus on the power scaling of such laser crystals using SDLs as
pump sources with optimized doping levels, thickness and desired laser wavelength. Laser
operation in pulsed mode would be studied both in Q-switching regime to achieve high
energy pulses (sub-mJ) and in mode-locking regime to obtain ultra-short laser pulses
(picoseconds).
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Appendix A
Absorption spectrum of hemoglobin
Figure A.1 shows absorption spectra of oxygenated (HbO2) and de-oxygenated (Hb)
forms of hemoglobin from a selected number of investigators. Their colours, in veins
and arteries, are somewhat diﬀerent due to evidently diﬀerent absorption features above
600 nm.
For adults, hemoglobin has an average concentration of 150 g l=1 of blood [465].
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Figure A.1: Absorption coeﬃcient for adult hemoglobin (Hb) and oxyhe-
moglobin (HbO2) as given by various authors: Prahl [465], Takatani and Graham
[466], Zijlstra [467].
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Appendix B
Absorption spectrum of liquid
water: UV to NIR
The optical properties of pure water, natural fresh waters and seawater have be com-
prehensively investigated for more than a century, and during that period numerous
measurement techniques have evolved [468].
The measurement of spectral absorption coeﬃcient for natural waters is a laborious task
for several reasons, namely [469]:
1. wavelength-dependent, high scattering eﬀects which is some cases might dominate
over absorption of pure water,
2. contamination of various particulates, such as organic matters (yellow substances),
salt and other dissolved substances, usually referred as marine hydrosols.
Apart for the pure water, the absorption coeﬃcient of natural waters greatly diﬀer from
each other, i.e. depending from which place the water was sampled. For instance, at the
same wavelength, λ = 440 nm, the absorption coeﬃcient ranges from <0.01 to 19.1m=1
for Sargasso Sea and Lough Napeast (Ireland), respectively [469]. Figure B.1 presents
the results of pure water's spectral absorption from a selected number of investigators.
The common feature is the minimum absorption value, between 400 to 500 nm wave-
length, so-called Jerlov Minumum [10].
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Figure B.1: Absorption coeﬃcients for pure water at ≈20 ◦C as given by various
authors: Shifrin [470], Pope and Fry [471], Palmer and Williams [472], Smith
and Baker [468] and Buiteveld et al. [473].
Appendix C
Gaussian ﬁt algorithm
The Gaussian ﬁt algorithm is conformed to the latest revision of ISO 11146-1:2005(E)
standard [394] based on the second moment of the intensity distribution.
In principle, a power density distribution of a cross-section of a waveguide's fundamental
propagation mode, Iw, is required. Due to inherent existence of transverse electric (TE)
and transverse magnetic (TM) waveguide's modes, the hereafter following analysis in-
cludes an average distribution proﬁle, i.e. for a degenerated mode. After that, the proﬁle
is ﬁtted into the diﬀraction-limited Gaussian beam (transverse electromagnetic TEM00;
M2 ≡ 1) in order to extract information about the centroid of the power density dis-
tribution, beam waist and how much the waveguide's fundamental mode resembles the
Gaussian beam. Formulae are given only for the guided direction (in this case Y-axis).
First, the centroid (ﬁrst moment) to an acquired proﬁle, y¯, is derived from
y¯ =
∫ ∞
−∞
yIw(y) dy∫ ∞
−∞
Iw(y) dy
(C.1)
Secondly, second order moment of the power density distribution (variance) is calculated
from
σ2y =
∫ ∞
−∞
(y − y¯)2 Iw(y) dy∫ ∞
−∞
Iw(y) dy
(C.2)
Next, the variance based beam radius is estimated from
w0y = 2
√
σ2y (C.3)
The area under the waveguide's fundamental proﬁle is given by
Ay =
∫ ∞
−∞
Iw(y) dy (C.4)
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Finally, the Gaussian ﬁt is calculated as the absolute sum of the proﬁle diﬀerences divided
by the area under the waveguide's fundamental proﬁle [474]
ζG = 1−
∫ ∞
−∞
|Iw(y)− IG(y)| dy
Ay
(C.5)
where IG(y) is the normalized intensity of Gaussian proﬁle estimated on the basis of the
previously calculated parameters, namely y¯ and w0y
IG(y) = exp
(
−2y2
w20y
)
(C.6)
Appendix D
Judd-Ofelt analysis of Tm:YLF
crystal
The Judd-Ofelt (JO) intensity parameters used in the calculations are given in Table 3.3
(see Subsection 3.3.1). The refractive indices were estimated from Barnes and Gettemy
[368].
λ¯ n¯ Γ¯ SmED S
t
ED S
m
MD f
abs
ED f
abs
MD
(nm) (10=33m3) (10=20m2) (10=8)
3H6 →
3F4 1741.76 1.444 28.06 1.703 1.761 108.2
3H5 1199.89 1.447 18.81 1.250 0.945 0.403 84.5 40.6
3H4 790.62 1.450 7.65 1.018 1.031 140.3
3F3 + 3F2 687.77 1.452 7.06 1.079 1.242 158.8
1G4 469.49 1.458 0.83 0.185 0.158 35.6
1D2 357.59 1.466 1.43 0.416 0.346 105.3
Table D.1: Room temperature σ-polarized Judd-Ofelt absorption analysis of
Tm:YLF material.
The theoretical emission properties have been calculated for the eﬀective JO intensity
parameters, Ωeﬀλ , obtained in this study. The mean wavelengths were taken fromWalsh et
al. [190]. For transitions with wavelengths below 230 nm and above 2.6 µm the refractive
indices were ﬁxed to the value at 230 nm and 2.6 µm respectively since the formulae given
in [368] are not valid for such extreme wavelengths. That includes four transitions only.
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λ¯ n¯ Γ¯ SmED S
t
ED S
m
MD f
abs
ED f
abs
MD
(nm) (10=33m3) (10=20m2) (10=8)
3H6 →
3F4 1709.19 1.466 59.90 3.645 3.485 221.8
3H5 1205.75 1.469 19.65 1.288 1.869 0.403 169.0 40.6
3H4 784.10 1.473 13.13 1.733 1.844 257.1
3F3 + 3F2 684.99 1.474 19.52 2.947 2.562 341.6
1G4 467.60 1.481 1.72 0.378 0.321 75.5
1D2 358.95 1.490 2.08 0.592 0.895 276.0
Table D.2: Room temperature pi-polarized Judd-Ofelt absorption analysis of
Tm:YLF material.
λ¯ n¯ Γ¯ SmED S
t
ED S
m
MD f
abs
ED f
abs
MD
(nm) (10=33m3) (10=20m2) (10=8)
3H6 →
3F4 1730.90 1.451 38.67 2.350 2.335 145.2
3H5 1201.75 1.454 19.09 1.666 1.253 0.403 112.4 40.6
3H4 788.45 1.458 9.48 1.256 1.302 178.6
3F3 + 3F2 686.84 1.459 11.21 1.701 1.682 218.9
1G4 468.86 1.466 1.13 0.249 0.213 49.3
1D2 358.04 1.474 1.65 0.475 0.529 161.7
Table D.3: Room temperature eﬀective ((2σ+pi)/3) Judd-Ofelt absorption anal-
ysis of Tm:YLF material.
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Transition λ¯ (nm) n¯ f emtot (10
=8) β τR (ms)
1I6 → 1D2 1461 1.453 165.2 0.0062
1I6 → 1G4 735 1.459 901.4 0.1345
1I6 → 3F2 508 1.464 208.0 0.0649
1I6 → 3F3 492 1.465 5.8 0.0019
1I6 → 3H4 452 1.467 317.7 0.1253
1I6 → 3H5 378 1.472 7.6 0.0043
1I6 → 3F4 344 1.476 864.7 0.5888
1I6 → 3H6 289 1.486 76.7 0.0740 0.121
1D2 → 1G4 1486 1.453 240.4 0.0054
1D2 → 3F2 778 1.458 421.6 0.0344
1D2 → 3F3 745 1.458 350.1 0.0312
1D2 → 3H4 657 1.460 486.5 0.0557
1D2 → 3H5 504 1.464 25.0 0.0049
1D2 → 3F4 450 1.467 2100.3 0.5129
1D2 → 3H6 357 1.474 916.1 0.3555 0.074
1G4 → 3F2 1634 1.452 31.3 0.0088
1G4 → 3F3 1494 1.453 120.9 0.0406
1G4 → 3H4 1177 1.455 208.6 0.1128
1G4 → 3H5 763 1.458 334.4 0.4303
1G4 → 3F4 646 1.460 115.9 0.2080
1G4 → 3H6 470 1.466 111.1 0.1995 1.125
3F2 → 3F3 17513 1.445 9.0 <0.0001
3F2 → 3H4 4215 1.445 107.5 0.0073
3F2 → 3H5 1431 1.453 312.4 0.1836
3F2 → 3F4 1069 1.455 291.4 0.3068
3F2 → 3H6 670 1.460 187.4 0.5023 1.807
3F3 → 3H4 5552 1.445 72.2 0.0011
3F3 → 3H5 1558 1.452 470.7 0.0903
3F3 → 3F4 1138 1.455 143.5 0.0516
3F3 → 3H6 686 1.459 866.3 0.8571 0.699
3H4 → 3H5 2166 1.449 168.7 0.0407
3H4 → 3F4 1432 1.453 153.9 0.0850
3H4 → 3H6 784 1.458 474.8 0.8743 1.700
3H5 → 3F4 4226 1.445 88.6 0.0194
3H5 → 3H6 1225 1.454 375.3 0.9806 5.888
3F4 → 3H6 1725 1.452 443.9 1.0000 10.065
Table D.4: Calculated total dipole emission oscillator strengths, branching ratios
and radiative lifetimes of Tm:YLF based on the estimated Judd-Ofelt intensity
parameters.
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